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OPTICAL FIBER PRESSURE SENSOR
GUIDEWIRE

[0001] This application is related to (1) U.S. Provisional
Application No. 61/791,486 entitled, “OPTICAL FIBER
PRESSURE SENSOR GUIDEWIRE” to Eberle et al. and
filed on Mar. 15, 2013, and to (2) U.S. Provisional Applica-
tion No. 61/753,221, entitled, “OPTICAL FIBER PRES-
SURE SENSOR GUIDEWIRE” to Eberle et al. and filed on
Jan. 16, 2013, and to (3) U.S. Provisional Application No.
61/709,781, entitled, “OPTICAL FIBER PRESSURE SEN-
SOR GUIDEWIRE” to Eberle et al. and filed on Oct. 4, 2012,
and to (4) U.S. Provisional Application No. 61/659,596,
entitled, “OPTICAL FIBER PRESSURE SENSOR
GUIDEWIRE” to Eberle et al. and filed on Jun. 14, 2012, and
to (5) U.S. Provisional Application No. 61/651,832, entitled,
“OPTICAL FIBER PRESSURE SENSOR GUIDEWIRE” to
Eberle et al. and filed on May 25, 2012, the entire content of
each being incorporated herein by reference in its entirety,
and the benefit of priority of each is claimed herein.

TECHNICAL FIELD

[0002] This document pertains generally to pressure sens-
ing devices and methods and, in particular, to pressure sens-
ing devices and methods using optical elements and tech-
niques.

BACKGROUND

[0003] U.S. Patent Application Publication No. 2009/
0180730 to Foster et al. is directed toward a device for sensing
an acoustic signal. The device includes a flexible portion
including a laser active region having an emitted wavelength
that varies according to a mechanical force acting on the
flexible portion, and including a flexible support member
operable to flex or bend according to the acoustic signal. The
flexible portion is coupled with the support member so as to
cause the flexible portion to flex or bend in accordance with
the support member, thereby changing the emitted wave-
length of the laser active region of the flexible portion.
[0004] U.S. Pat. No. 7,680,363 to Wakahara et al. (“Waka-
hara”) is directed toward an optical fiber pressure sensor
capable of detecting a more minute pressure change. A base
film is formed with a through hole passing through first and
second surfaces. An optical fiber is fixed to the base film at a
region other than the Fiber Bragg Grating (FBG) portion,
such that the FBG portion is positioned on the through hole in
plan view. The optical fiber pressure sensor is attached to an
object body such that the second surface of the base film is
closely attached to a surface of the object body directly or
indirectly.

OVERVIEW

[0005] The present applicant has recognized, among other
things, that other approaches to pressure sensing guidewires
exhibit mechanical performance suitable for diagnostic
assessment of coronary obstructions, but typically are not
suitable for delivery of therapeutic devices. The present appli-
cant has recognized that the other pressure sensing technol-
ogy, namely piezoresistive or piezocapacitive silicon pressure
sensors, and associated electrical cables, are relatively large
compared to the size of the components of a typical therapy
delivering guidewire. The present applicant has recognized
that the incorporation of such other pressure sensing technol-
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ogy into a coronary guidewire substantially restricts the
design of the mechanical components of the guidewire and
results in significant compromises to the mechanical perfor-
mance. The present applicant has recognized that a smaller
pressure sensing technology, when incorporated into a con-
temporary coronary guidewire, would be advantageous in
restoring the required mechanical performance requirements.
[0006] Optical fiber technology can be used in pressure
sensors for oil discovery and production, as well as in larger
diagnostic catheters for patients. The present applicant has
recognized that telecommunication industry standard optical
fiber would be too large to incorporate into high performance
coronary guidewires. Accordingly, the present applicant has
recognized, among other things, that miniaturization of the
optical fiber and optical fiber based pressure sensor presents
both a major challenge and a major advantage for incorpora-
tion into a coronary guidewire while minimizing the impact
on the mechanical performance of the guidewire.

[0007] The present applicant has recognized, among other
things, that the intrinsic sensitivity of an optical fiber sized for
insertion into a body lumen may not be sufficient to generate
an easily detectable signal within the range of pressures asso-
ciated with a patient. The present applicant has recognized
that miniaturization of the optical fiber can impart more flex-
ibility into the fiber. This can be used to mechanically enhance
the sensitivity of the fiber to pressure, such as with an extrin-
sic arrangement. The present applicant has recognized that
using Fiber Bragg Gratings in the miniaturized optical fiber
can provide a highly cost effective and readily manufactur-
able design. In addition, the present applicant has recognized
that one or more other factors—such as the temperature coef-
ficient of one or more Fiber Bragg Gratings (FBGs)—can be
significantly higher than the intrinsic pressure sensitivity of
the optical fiber. As such, a small drift in temperature within
apatientcan appear as a large pressure change artifact, which,
in the context of pressure sensing, is unwanted and likely not
acceptable due to the need for accurate pressure measure-
ments. Accordingly, the present applicant has recognized,
among other things, that it can be advantageous to provide an
optical fiber pressure sensor guidewire that can include tem-
perature calibration, compensation, or correction for an opti-
cal fiber pressure sensor, such as a Fiber Bragg Grating (FBG)
arrangement for sensing pressure within a body lumen.
[0008] In one example, the disclosure is directed to an
apparatus for insertion into a body lumen. The apparatus
comprises an optical fiber pressure sensor comprising an
optical fiber configured to transmit an optical sensing signal,
an ambient temperature compensated Fiber Bragg Grating
(FBG) interferometer in optical communication with the opti-
cal fiber, the FBG interferometer configured to receive a
pressure and modulate, in response to the received pressure,
the optical sensing signal, and a sensor membrane in physical
communication with the FBG interferometer, the membrane
configured to transmit the received pressure to the FBG inter-
ferometer.

[0009] This overview is intended to provide an overview of
subject matter of the present patent application. It is not
intended to provide an exclusive or exhaustive explanation of
the invention. The detailed description is included to provide
further information about the present patent application.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Inthe drawings, which are not necessarily drawn to
scale, like numerals may describe similar components in dif-
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ferent views. Like numerals having different letter suffixes
may represent different instances of similar coniponents. The
drawings illustrate generally, by way of example, but not by
way of limitation, various embodiments discussed in the
present document.

[0011] FIG. 1 is a cross-sectional side view illustrating
generally, by way of example, but not by way of limitation, an
example of an FBG pressure sensor in an optical fiber.
[0012] FIG. 2 is a cross-sectional side view illustrating
generally, by way of example, but not by way of limitation, an
example of an FBG grating interferometer sensor.

[0013] FIG. 3 is a conceptual diagram illustrating various
example configurations FBG of an optical fiber pressure sen-
sor, in accordance with this disclosure.

[0014] FIGS. 4A-4C depict various conceptual response
diagrams related to the conceptual diagram of FIG. 3.
[0015] FIG. 5 is a block diagram of an example of an
ambient temperature compensation technique in accordance
with this disclosure.

[0016] FIG. 6A is a block diagram of an example of a laser
tracking system, in accordance with this disclosure.

[0017] FIG. 6B is a block diagram of an example of a
temperature compensation technique in accordance with this
disclosure.

[0018] FIGS.7A-7Cdepictan example of a pressure sensor
that can be used to implement various techniques of this
disclosure.

[0019] FIGS. 8A-8C depict another example of a pressure
sensor that can be used to implement various techniques of
this disclosure.

[0020] FIGS. 9A-9C depict another example of a pressure
sensor that can be used to implement various techniques of
this disclosure.

[0021] FIGS. 10A-10D depict another example of a pres-
sure sensor that can be used to implement various techniques
of this disclosure.

[0022] FIG. 11 depicts a conceptual response diagram
related to the example of a pressure sensor shown in FIG.
10D.

[0023] FIGS. 12A-12C depict another example of a pres-
sure sensor that can be used to implement various techniques
of this disclosure.

[0024] FIGS.13A-13Cdepict an example of a guidewire in
combination with an optical fiber pressure sensor, in accor-
dance with this disclosure.

[0025] FIGS. 14A-14C depict another example of a
guidewire in combination with an optical fiber pressure sen-
sor, in accordance with this disclosure.

[0026] FIGS. 15A-15C depict another example of a
guidewire in combination with an optical fiber pressure sen-
sor, in accordance with this disclosure.

[0027] FIG. 16 depicts another example of a pressure sen-
sor that can be used to implement various techniques of this
disclosure.

[0028] FIG. 17 depicts another example of a pressure sen-
sor that can be used to implement various techniques of this
disclosure.

[0029] FIG. 18 depicts another example of a pressure sen-
sor that can be used to implement various techniques of this
disclosure.

[0030] FIG. 19 depicts another example of a pressure sen-
sor that can be used to implement various techniques of this
disclosure.
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[0031] FIG. 20 depicts another example of a pressure sen-
sor that can be used to implement various techniques of this
disclosure.

[0032] FIGS. 21A-21D depict another example of a
guidewire in combination with an optical fiber pressure sen-
sor, in accordance with this disclosure.

[0033] FIG. 22 depicts an example of a combination of a
guidewire with an optical fiber pressure sensor and an imag-
ing sensor, in accordance with this disclosure.

[0034] FIGS. 23A-23B depict another example of a
guidewire in combination with an optical fiber pressure sen-
sor, in accordance with this disclosure.

[0035] FIG. 24 shows an example of a portion of a concen-
tric pressure sensor assembly.

[0036] FIG. 25 shows an example of the pressure sensor
assembly as it can be prefinished and included or otherwise
incorporated into a percutaneous intravascular guidewire
assembly.

[0037] FIG. 26 shows an example illustrating how compo-
nents of the pressure sensor assembly can be integrated into or
otherwise incorporated into a percutaneous intravascular
guidewire assembly.

[0038] FIG. 27 shows an example in which components of
the pressure sensing assembly can be retrofitted to or other-
wise integrated into an existing guidewire assembly.

[0039] FIG. 28 shows an example in which the pressure
sensor assembly (e.g., as explained herein) can be located at
a distal end of a guidewire assembly.

[0040] FIG. 29 shows an example of a proximal region of a
guidewire assembly, such as one of the various guidewire
assemblies described herein, terminating at a proximal end
connector.

[0041] FIG. 30 depicts a conceptual response diagram
illustrating the effect of an uncorrected locking level on a
locking wavelength.

[0042] FIG. 31 depicts the conceptual response diagram of
FIG. 30 compensated for optical insertion loss in an optical
pressure sensor using various techniques of this disclosure.
[0043] FIG. 32 is a flow diagram illustrating an example of
a method for compensating for optical insertion loss in an
optical pressure sensor using various techniques of this dis-
closure.

[0044] FIG. 33 is a block diagram of an example of a
portion of the laser tracking system of FIG. 6 A for compen-
sating for optical insertion loss in an optical pressure sensor
using various techniques of this disclosure, in accordance
with this disclosure.

[0045] FIG. 34 depicts a conceptual response diagram
illustrating undesirable optical resonances caused by addi-
tional reflection in an optical system.

[0046] FIG. 35 depicts the conceptual response diagram of
FIG. 34 further illustrating undesirable locking circuit wave-
length hopping.

[0047] FIG. 36 depicts the conceptual response diagram of
FIG. 35 compensated for optical cavity noise using various
techniques of this disclosure.

[0048] FIG. 37 depicts a flow diagram illustrating an
example of a method for compensating for optical cavity
noise in an optical pressure sensor using various techniques of
this disclosure.

DETAILED DESCRIPTION

[0049] Before or during an invasive medical procedure, it
can be desirable for a clinician, e.g., a physician, to take one
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or more pressure measurements from within a body lumen of
a patient, e.g., a blood vessel, such as an artery or vein. For
example, before implanting a stent at the site of an occlusion
in a blood vessel, it can be desirable to determine the physi-
ologic effect of the occlusion on the patient before making a
decision whether to implant the stent. One way to determine
the effect of the occlusion on the patient is to measure the drop
in blood pressure across the occlusion, such as using a Frac-
tional Flow Reserve (FFR) technique. Generally speaking, if
there is more than a 20% drop in pressure across the occlusion
during maximum blood flow, the patient can be considered a
candidate for stent implantation. Otherwise, it can be prefer-
able to treat the patient with a pharmaceutical regimen rather
than implant a stent. Occlusions that look visibly similar,
using an intravascular or other imaging modality, can be
vastly different in terms of pressure drop across the occlusion.
Therefore, an accurate measurement of pressure drop across
an occlusion may help to tease out those occlusions that
should be treated using a stent from those occlusions that are
adequately treated by a pharmaceutical regimen.

[0050] As mentioned above, the present applicant has rec-
ognized, among other things, the advantages and desirability
of miniaturization of an optical fiber and optical fiber based
pressure sensor for incorporation into a coronary guidewire,
which, in turn, can optionally be used for guiding a balloon
catheter or other device for positioning and securing the stent
at the desired location. An optical fiber pressure sensor based
on FBG technology can have an intrinsic pressure sensitivity
of about 0.00038 picometers (pm)/mmHg (about 0.02
pm/psi). Such an optical fiber pressure sensor based on FBG
technology can have an intrinsic temperature sensitivity of
about 10 pm/degree Celsius (° C.). The temperature sensitiv-
ity can increase if the optical fiber pressure sensor includes or
is integrated or packaged with one or more materials having a
higher coefficient of thermal expansion. The range of blood
pressures in a patient is relatively low, e.g., about 0 millime-
ters of mercury (mmHg) to about 300 mmHg, and there is a
need for high resolution within that range, e.g., 1-2 mmHg,
where 51.7 mmHg equals 1 pound per square inch (psi), such
as to adequately characterize the blood pressure drop across a
blood vessel occlusion.

[0051] Based on these numbers, an uncompensated or
uncorrected change in temperature 0f 0.1° C. can result in an
equivalent intrinsic pressure drift of about 2632 mmHg or
more than 1000 times the desired blood pressure measure-
ment resolution. As mentioned above, when using an optical
fiber pressure sensor capable of insertion into a body lumen of
a patient, e.g., an animal such as a human, a small, uncom-
pensated or uncorrected drift in temperature within the
patient, e.g., as a result of an injected imaging contrast
medium, can appear as an artifact that incorrectly indicates a
large change in pressure. This can be due in part to the rela-
tively low intrinsic sensitivity of the optical fiber pressure
sensor to pressure and the relatively high intrinsic sensitivity
to temperature of the optical fiber associated with the optical
fiber pressure sensor. As such, a small, uncompensated drift in
temperature can be unacceptable due to the need for accurate
pressure measurements.

[0052] Using one or more techniques of this disclosure, a
Fiber Bragg Grating (FBG) interferometer or other optical
fiber pressure sensor guidewire can be temperature compen-
sated, such as for permitting accurate pressure sensing within
a body lumen. In addition, this disclosure describes tech-
niques for increasing the overall sensitivity of an optical fiber
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pressure sensor guidewire, such as to generate an easily
detectable blood pressure indicating output signal providing
the desired resolution and accommodating the range of pres-
sures associated with the patient.

[0053] Itshould be noted that the optical fiber described in
this disclosure can have a diameter of between about 25
microns and about 30 microns. By way of comparison, a
standard telecommunication optical fiber has a diameter of
about 125 microns. This marked reduction in size can cause
numerous challenges arising from the differences in the
optics properties of such a drastically reduced size optical
fiber.

[0054] FIG. 1 is a cross-sectional side view illustrating
generally, by way of example, but not by way of limitation, an
example of a strain-detecting or pressure-detecting optical
FBG sensor 100 in an optical fiber 105. The FBG sensor 100
can sense pressure received from a nearby area, and can
transduce the received pressure into an optical signal within
the optical fiber 105. The FBG sensor 100 can include Fiber
Bragg gratings 110A-B in an optical fiber core 115, such as
surrounded by an optical fiber cladding 120. The gratings
110A-B can be separated by a strain or pressure sensing
region 125, which, in an example, can be about amillimeter in
length. In an example, strain or pressure can be sensed, such
as by detecting a variation in length of the optical path
between these gratings 110A-B.

[0055] A Fiber Bragg Grating can be implemented as a
periodic change in the optical refractive index of a selected
axial portion of the optical fiber core 115. Light of specific
wavelengths traveling down such a portion of the core 115
will be reflected. The period (distance or spacing) 130 of the
periodic change in the optical index can determine the par-
ticular wavelengths of light that will be reflected. The degree
of optical refractive index change and the axial length 135 of
the grating 110A-B can determine the ratio of light reflected
to that transmitted through the grating 110A-B.

[0056] FIG. 2 is a cross-sectional side view illustrating
generally, by way of example, but not by way of limitation, an
operative example of an interferometric FBG sensor 100. The
example of FIG. 2 can include two gratings 110A-B, which
can act as mirrors that can both be partially reflective such as
for a specific range of wavelengths of light passing through
the fiber core 115. Generally, the reflectivity of each grating
of a particular pair of gratings 110A-B will be substantially
similar to the other grating in that particular pair of gratings
110A-B, but can differ between gratings ofa particular pair of
gratings 110A-B for particular implementations, or between
different pairs of gratings 110A-B, or both. This interfero-
metric arrangement of FBGs 110A-B can be capable of dis-
cerning the “optical distance or optical pathlength” between
FBGs 110A-B with extreme sensitivity. The “optical distance
or pathlength” can be a function of the effective refractive
index of the material of fiber core 115 as well as the physical
distance 125 between FBGs 110A-B. Thus, a change in the
refractive index can induce a change in optical path length,
even though the physical distance 125 between FBGs
110A-B has not substantially changed.

[0057] An interferometer, such as can be provided by the
FBG sensor 100, can be understood as a device that can
measure the interference between light reflected from each of
the partially reflective FBGs 110A-B. When the optical path
length between the FBG gratings 110A-B is an exact integer
multiple of the wavelength of the optical signal in the optical
fiber core 115, then the light that passes through the FBG
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sensor 100 will be a maximum and the light reflected will be
a minimum, such that the optical signal can be substantially
fully transmitted through the FBG sensor 100. This addition
or subtraction of grating-reflected light, with light being
transmitted through the optical fiber core 115, can be concep-
tualized as interference. The occurrence of full transmission
or minimum reflection can be called a “null” and can occur at
a precise wavelength of light for a given optical path length.
Measuring the wavelength at which this null occurs can yield
an indication of the length of the optical path between the two
partially reflective FBGs 110A-B. In such a manner, an inter-
ferometer, such as can be provided by the FBG optical fiber
pressure sensor 100, can sense a small change in distance,
such as a change in the optical distance 125 between FBGs
110A-B resulting from a received change in pressure. In this
manner, one or more FBG sensors can be used to sense one or
more pressures within a body lumen of a patient. This
arrangement is an example of an FBG Fabry-Perot interfer-
ometer, which can be more particularly described as an Eta-
lon, because the physical distance 125 between the FBGs
110A-B is substantially fixed.

[0058] The sensitivity of an interferometer, such as can be
included in the FBG sensor 100, can depend in part on the
steepness of the “skirt” of the null in the frequency response.
The steepness of the skirt can be increased by increasing the
reflectivity of the FBGs 110A-B, which also increases the
“finesse” of the interferometer. Finesse can refer to a ratio of
the spacing of the features of an interferometer to the width of
those features. To provide more sensitivity, the finesse can be
increased. The higher the finesse, the more resonant the cav-
ity, e.g., two FBGs and the spacing therebetween. The present
applicant has recognized, among other things, that increasing
the finesse or steepness of the skirt of FBG sensor 100 can
increase the sensitivity of the FBG sensor 100 to pressure
within a particular wavelength range but can decrease the
dynamic range of the FBG sensor 100. As such, keeping the
wavelength of the optical sensing signal within the wave-
length dynamic range of the FBG sensor 100 can be advan-
tageous, such as to provide increased sensitivity to pressure.
In an example, a closed-loop system can monitor a represen-
tative wavelength (e.g., the center wavelength of the skirt of
the filtering FBG sensor 100). In response to such informa-
tion, the closed-loop system can adjust the wavelength of an
optical output laser to remain substantially close to the center
of the skirt of the filter characteristic of the FBG sensor 100,
even as forces external to the optical fiber 105, such as bend-
ing and stress, can cause shifting of the center wavelength of
the skirt of the filter characteristic of the FBG sensor 100.

[0059] In an example, such as illustrated in FIG. 2, the
interferometric FBG sensor 100 can cause interference
between that portion of the optical beam that is reflected off
the first partially reflective FBG 110A with that reflected from
the second partially reflective FBG 110B. The wavelength of
light where an interferometric null will occur can be very
sensitive to the “optical distance” between the two FBGs
110A-B. The interferometric FBG sensor 100 of FIG. 2 can
provide another very practical advantage. In the example
illustrated in FIG. 2, the two optical paths along the fiber core
115 are the same, except for the sensing region between FBGs
110A-B. This shared optical path can ensure that any optical
changes in the shared portion of optical fiber 105 will have
substantially no effect upon the interferometric signal; only
the change in the sensing region 125 between FBGs 110A-
110B is sensed. Additional information regarding FBG strain
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sensors can be found in U.S. Patent Application Publication
No. 2010/0087732 to Eberle et al., which is incorporated
herein by reference in its entirety, including its disclosure of
FBGs and their applications.

[0060] FIG. 3 is a conceptual diagram illustrating various
examples of FBG configurations of an FBG optical fiber
pressure sensor 300, in accordance with this disclosure. The
FBG optical fiber pressure sensor 300 can include an optical
fiber 302 that can extend longitudinally through a stiff, rigid,
or solid mounting 304. As seen in FIG. 3, a portion of the
optical fiber 302 extends beyond a distal end 306 of the
mounting 304. The optical fiber 302 and the mounting 304
can be disposed within a housing 308. Using one or more
techniques of this disclosure, such as shown and described in
detail in this disclosure with respect to FIGS. 13-15, an opti-
cal fiber pressure sensor can include an optical fiber that can
be combined with a guidewire, such as for diagnostic assess-
ment of a coronary obstruction, for example.

[0061] As described in more detail below, two or more
FBGs, e.g., FBGs 1-4, can be included in the FBG pressure
sensor 300, such as for pressure sensing. One or more addi-
tional gratings can be included, and such additional one or
more gratings can be insulated or isolated from influence
caused by (1) bending (of'the fiber) and/or (2) pressure. These
insulated or isolated additional gratings can be arranged for
providing one or more of temperature calibration, compen-
sation, or correction. In an example, the additional grating(s)
can provide an independent (of pressure and fiber bending)
measureoftemperature, such as for feedback to a temperature
compensation scheme or method of an optical fiber pressure
sensor 300. The optical fiber pressure sensor 300 can option-
ally include a sealed or other cavity (not depicted in F1G. 3),
such as below a portion of the optical fiber 302, e.g., below
FBG 3, which can amplify changes in pressure, or otherwise
provide increased optical response to changes in pressure.
Some example configurations that can include a sealed cavity
are described in more detail below.

[0062] InFIG.3, FBG 1 canbeaFBG that produces a broad
reflectionband at the center of the spectrum of FBG 1, such as
shown generally at 400 in the response diagram depicted in
FIG. 4A, in which the x-axis represents wavelength and the
y-axis represents the intensity of the reflected light. FBG 2
and FBG 3, although depicted and referred to as separate
gratings, can represent a single FBG that can be split into two
identical, smaller FBGs and separated by a small phase dif-
ference (or phase-shifted) of 180 degrees, for example.
[0063] For example, the phase shift could be built into a
phase mask that is used to write the gratings onto the fiber,
e.g., an electron beam generated phase mask. Illumination of
the phase mask can result in a phase shift. In another example,
a first grating can be written onto the fiber via a phase mask.
Then, the phase mask can be moved by a distance equivalent
to a 180 degree phase shift, for example, and a second grating
can be written onto the fiber.

[0064] Thereflections from FBG 2 interfere with the reflec-
tions from FBG 3 because of the phase shift between FBG 2
and FBG 3, shown as a phase shift region 312A in F1G. 3. As
aresult, a narrow transmission notch 402 is created within the
reflection band shown generally at 404 in the wavelength
response diagram depicted in FIG. 4A.

[0065] Inanexample, pressure changes can be detected by
the optical fiber pressure sensor 300, e.g., within a patient’s
body, such as by detecting or amplifying the phase-shift
between two FBGs, e.g., FBG 2 and FBG 3. This technique is
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in contrast to optical pressure sensing techniques that mea-
sure the shift in wavelength of the FBG itself. Using various
techniques of this disclosure, the phase-shift between FBGs
can be modified rather than a wavelength shift of the FBG
itself.

[0066] As seen in FIG. 3, FBG 3 can extend distally out-
ward beyond the distal end 306 of the mounting 304. A
change in pressure can cause the distal portion 310 of the
optical fiber 302 to bend slightly against the distal end 306 of
the mounting 304, which, in turn, can cause the distal end 306
to mechanically act upon the phase-shift region 312A
between FBG 2 and FBG 3. The mechanical forces acting
upon the phase-shift region 312A between FBG 2 and FBG 3
can concentrate a stress in the phase-shift region 312A of the
optical fiber 302. The concentrated stress in the phase-shift
region 312A changes the refractive index of the optical fiber
302in the stressed region, which, in turn, can alter, or amplify,
the phase relationship between FBG 2 and FBG 3. The
change in phase-shift between FBG 2 and FBG 3 can be
quantified and the change in pressure can be determined from
the quantified phase-shift.

[0067] For example, as described in more detail below, a
wavelength of a narrow band laser (in relation to the wave-
length response of FBGs 2 and 3) can be locked on a point on
aslope 406 of the narrow transmission notch 402 in FIG. 4A,
e.g., at about 50% of the depth of the notch 402. As the
pressure changes, the notch 402 shifts and, consequently, the
point on the slope 406 shifts. A tracking circuit can then track
the point on the slope 406, and a phase-shift can be deter-
mined from its change in position. The intensity of reflected
light will be modified when the notch 402 moves. In the
example in the diagram, if'the notch 402 moves downward in
wavelength, then the intensity of the signal reflected will
increase. If the notch 402 moves upward in wavelength, then
the intensity of the signal reflected will decrease. If it is
chosen that the laser wavelength would be on the opposite
side of the notch 402, then the effect would be reversed.
[0068] As indicated above, one or more external factors
such as the temperature coefficient of one or more Fiber
Bragg Gratings (FBGs) can be significantly higher than the
intrinsic pressure sensitivity of the optical fiber pressure sen-
sor that can include such FBGs. As such, a small drift in
temperature within a patient can spuriously appear as a large
change in pressure. Such a temperature-induced artifact in the
pressure response signal may be unacceptable due to the need
for accurate pressure measurements. The present applicant
has recognized, among other things, that it can be advanta-
geousto provide the optical fiber pressure sensor guidewire of
this disclosure with a temperature compensated Fiber Bragg
Grating (FBG) arrangement, such as for accurately sensing
pressure within a body lumen, for example.

[0069] The conceptual diagram of FIG. 3 can be used to
describe several different configurations for a temperature
compensated FBG optical fiber pressure sensor 300.
Examples of more detailed configurations are shown and
described below with respect to FIGS. 7-10 and FIG. 12.
[0070] Ina first example of a configuration, a FBG optical
fiber pressure sensor 300 can include FBGs 1-3 (FBG 4 need
not be included). FBGs 2 and 3, which can be configured to
operate at the same wavelength (e.g., a first wavelength
between about 1000 nanometers (nm) and about 1700 nm),
can form a phase-shift structure that can be used to sense
pressure, such as described in detail above. To recap, a con-
centration in stress in the phase-shift region between the two
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gratings (e.g., FBG 2 and FBG 3), as aresult of the bending of
the optical fiber 302 changes the refractive index of the optical
fiber 302 in the phase-shift region. The change in the refrac-
tive index of the optical fiber 302 in the phase-shift region can
alter the phase relationship between FBG 2 and FBG 3, which
can be quantified, and the change in pressure can be deter-
mined from the quantified phase-shift. The phase-shift, how-
ever, is not compensated for temperature, which may not
acceptable, as explained above.

[0071] FBG 1 can be configured to be substantially inde-
pendent of pressure, such as by locating it within the stiff,
rigid, or solid mounting 308. Therefore, FBG 1 can be used to
measure ambient temperature, such as to provide a tempera-
ture compensated optical fiber pressure sensor. FBG 1 can be
configured to operate at a substantially different wavelength
than that of FBGs 2 and 3 (e.g., a second wavelength between
1000 nanometers (nm) and 1700 nm). In this manner, FBG 1
has no interaction with FBGs 2 and 3. As such, FBG 1 can
provide a measure of ambient temperature that is independent
of pressure variations. In a manner similar to that described
above with respect to tracking the change in position of the
notch 402 of FIG. 4A, a wavelength of a narrow band laser (in
relation to the response of the FBG 1) can be locked on a point
on a slope 408 of the response of FBG 1 1n FIG. 4A, e.g., at
about 50% ofthe depth of the response. The wavelength of the
locked point on the slope 408 shifts as the temperature
changes. A tracking circuit can then track the locked point on
the slope 408 and a change in ambient temperature can be
determined from its change in position.

[0072] Inorderto generate a pressure signal that is ambient
temperature compensated, the signal generated by FBG 1 can
be used as a reference to null a shift in temperature. A con-
troller circuit can be configured to control subtraction of the
temperature reference signal (from FBG 1) from the tempera-
ture and pressure signal (from FBGs 2 and 3), such as to
generate a temperature compensated pressure signal. An
example of a temperature compensation technique is
described in more detail in this disclosure, such as with
respect to FIG. §.

[0073] 1In a second example of a configuration, the FBG
sensor 300 can include an optical fiber, a stiff, rigid, or solid
mounting, a housing, and FBGs 1-3 (FBG 4 need not be
included). FBGs 1-3 can be positioned very close to each
other and can thus form a very compact structure. FBGs 2 and
3, which can be configured to operate at the same wavelength
(e.g., a first wavelength between 1000 nm and 1700 nm), can
form a phase-shift structure that can be used to sense pressure.
The phase shift between FBGs 2 and 3 can result in a signal
that changes with pressure and temperature.

[0074] FBG 1 can be configured to operate at a similar, but
slightly different, wavelength than that of FBGs 2 and 3 (e.g,,
a second wavelength near the first wavelength of FBGs 2 and
3 and between 1000 nm and 1700 nm). In this manner, FBG
1 can form a resonant feature with FBGs 2 and 3 at a slightly
different wavelength. FBG 1 can result in a signal that
changes with respect to temperature changes.

[0075] A conceptual illustration of the response of FBGs
1-3 is depicted in FIG. 4B, where the x-axis represents wave-
length and the y-axis represents the intensity of the reflected
light. Again, the techniques of this disclosure need not sense
a shiftin the wavelength of the gratings, but can instead sense
a change in the phase between the gratings. The temperature
compensating element, e.g., FBG 1, is in resonance with part
of the pressure sensing structure, e.g., FBGs 2 and 3. As such,
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FBG 1 can be linked to the pressure sensing structure rather
than being an independent element. Such a configuration can
provide a compact structure.

[0076] Similar to the first example of a configuration, such
as to generate a pressure signal that is temperature compen-
sated, the signal generated by FBG 1 can be used as a refer-
ence, such as to null a shift in temperature. A slope 410 of the
notch 412 and a slope 414 of the notch 416 can each be
tracked and used to determine changes in temperature and
pressure, such as based on their respective changes in posi-
tion. A controller circuit can be configured to control the
subtraction of the temperature reference signal (e.g., from
FBG 1) from the temperature and pressure signal (e.g., from
FBGs 2 and 3) such as to generate a temperature compensated
pressure signal.

[0077] In a third example of a configuration, the FBG sen-
sor 300 can include an optical fiber, a stiff, rigid, or solid
mounting, a housing, and FBGs 1-4. FBGs 2 and 3, which can
be configured to operate at the same wavelength, can form a
first phase-shift structure that can be used to sense pressure.
The phase shift between FBGs 2 and 3 can result in a signal
that changes with pressure or temperature, or both.

[0078] FBGs 1 and 4, which can be configured to operate at
the same wavelength, can form a second phase-shift structure
that can be used to sense temperature. The reflections from
FBG 4 interfere with the reflections from FBG 1 because of
the phase shift between FBG 4 and FBG 1, shown as a phase
shift region 312B in FIG. 3. The phase shift between FBGs 1
and 4 can result in a signal that changes with temperature and
that is independent of pressure.

[0079] A conceptual illustration of the response of FBGs
1-4 of the third example of a configuration is depicted in FIG.
4C, where the x-axis represents wavelength and the y-axis
represents the intensity of the reflected light. As seen in FIG.
4C, the response includes two notches 418, 420. The third
example of a configuration can provide more accurate mea-
surements than the first example of a configuration because
the notches 418, 420 are generally more sensitive to any
changes than responses without notches, e.g., the response
400 in FIG. 4A.

[0080] Similar to the first and second examples of configu-
rations, in order to generate a pressure signal that is tempera-
ture compensated, the signal generated by FBGs 1 and 4 can
be used as a reference, such as to null a shift in temperature.
A slope 422 of the notch 418 and a slope 424 of the notch 420
can each be tracked and used to determine changes in tem-
perature and pressure based on their respective changes in
position. A controller circuit can be configured to control
subtraction of the temperature reference signal (e.g., from
FBG 1) from the temperature and pressure signal (e.g., from
FBGs 2 and 3), such as to generate a temperature compen-
sated pressure signal.

[0081] Using any one of the three examples of configura-
tions described above, an optical fiber pressure sensor can be
provided that can be suitable for delivery within a body
lumen, e.g., for diagnostic assessment of coronary obstruc-
tions. In addition, any one of the three examples of configu-
rations can compensate for temperature drift and can be fitted
to a guidewire, such as for insertion into a body lumen of a
patient. In any of the three examples the wavelength of the
FBGs used for temperature calibration, compensation, or cor-
rection can be above or below the wavelength of the FBGs
used for the pressure sensing.
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[0082] Again, FIG. 3 is for conceptual purposes only and
this disclosure is not limited to the three example configura-
tions described above with respect to FIG. 3. Other FBG
configurations to sense pressure and compensate for tempera-
ture drift are possible, examples of which are described in
more detail below.

[0083] In addition, as described in more detail below, vari-
ous techniques are disclosed for increasing the intrinsic sen-
sitivity of an optical fiber pressure sensor, such as to generate
an accurate output signal within the range of pressures asso-
ciated with a patient. Generally speaking, these techniques
can include focusing a response of a pressure sensor mem-
brane into a smaller area, such as to increase the optical
response to the received pressure, e.g., from pressure waves.
[0084] FIGS. 4A-4C depict various wavelength response
diagrams related to the conceptual diagram and examples of
configurations described above with respect to FIG. 3. In
FIGS. 4A-4C, the x-axis represents wavelength and the y-axis
represents the intensity of the reflected light. The response
diagrams were described above in connection with the
examples of configurations of FIG. 3.

[0085] FIG. 5 is a block diagram of an example of an
ambient temperature compensation technique that can be
used to implement one or more techniques of this disclosure.
Although the example of a configuration of FIG. 5, shown
generally at 500, will be particularly described with specific
reference to the third example of a configuration described
above, it is applicable to each of the example configurations
described in this disclosure.

[0086] Initially, the optical fiber pressure sensor 300 of
FIG. 3 can be calibrated, such as to ascertain the relative
coefficients of temperature and pressure for the sensor. The
magnitudes of these coefficients can be stored in a memory
device. A controller circuit can be configured such that, dur-
ing operation, it can read the coefficients from the memory
device and apply the pressure coefficient as a first coefficient
X1 and the temperature coefficient as a second coefficient X2.
[0087] As described above, a first wavelength of a narrow
band laser (in relation to the response of FBGs 1 and 4) can be
locked on a point on the slope 422 of the narrow transmission
notch 418 in FIG. 4C, e.g., at about 50% of the length of the
notch 418. A second wavelength of a narrow band laser (in
relation to the response of FBGs 2 and 3) can be locked on a
point on the slope 424 of the narrow transmission notch 420
in FIG. 4C, e.g., at about 50% of the depth of the notch 420.
[0088] As the pressure changes, the notch 420 shifts and,
consequently, the point on the slope 424 shifts. The tracking
circuit can be configured to then track the point on the slope
424. The magnitude of the change in wavelength, shown as A1
in FIG. 5, can be input into a first multiplier 502 and multi-
plied by the pressure coefficient X1. Similarly, as the ambient
temperature of the pressure sensor changes, the notch 418
shifts and, consequently, the point on the slope 422 shifts. A
tracking circuit can then track the point on the slope 422. The
magnitude of the change in wavelength, shown as A2 in FIG.
5, can be input into a second multiplier 504 and multiplied by
the ambient temperature coefficient X2. Similarly, The out-
puts of the multipliers 502, 504 can be input into a first
comparator 506, which can subtract any ambient temperature
drift from the pressure measurement. In this manner, ambient
temperature nulling techniques can be used to provide accu-
rate pressure measurements.

[0089] Also in accordance with this disclosure, a third
wavelength that can be close in magnitude to Al or A2 but not
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in resonance with the phase shift feature can be used to
monitor a total insertion loss of the system. e.g., from any
bending, insertion of the optical fiber into a connector, etc.
The insertion loss is generally a static number. During opera-
tion, the controller circuit can transmit the third wavelength
2.3, which can be input into a second comparator 508 along
with the pressure measurement output from a first comparator
506, and the second comparator 508 can compensate the
pressure measurement for any changes in insertion loss to
produce a final pressure reading 510 for the optical fiber
pressure sensor.

[0090] Pressure sensors constructed using optical fibers can
suffer from significant pressure drift, due at least in part to the
low intrinsic sensitivity of optical fibers (e.g., optical refrac-
tive index, mechanical size, etc.) to pressure. This is espe-
cially true for optical fiber pressure sensors that are designed
for low pressure applications, such as sensing the pressure
within the human body.

[0091] As mentioned above, when using an optical fiber
pressure sensor capable of insertion into a body lumen of a
patient, e.g., an animal such as a human, a small, uncompen-
sated or uncorrected drift in temperature within the patient,
e.g., as a result of an injected imaging contrast medium, can
appear as an artifact that incorrectly indicates a large change
in pressure. This can be due in part to the relatively low
intrinsic sensitivity of the optical fiber pressure sensor to
pressure and the relatively high intrinsic sensitivity to tem-
perature of the optical fiber associated with the optical fiber
pressure sensor. As such, a small, uncompensated drift in
temperature can be unacceptable due to the need for accurate
pressure measurements.

[0092] As described in more detail below with respect to
FIGS. 6A-6B, one or more techniques of this disclosure are
described that can remove and/or compensate for the effects
of temperature drifts and other deleterious effects that might
compromise the accuracy of the pressure reading. For
example, polarization scrambling techniques, ambient tem-
perature nulling techniques, laser tracking techniques, and
laser temperature monitoring techniques can be used in com-
bination to correct for temperature drifts that can affect the
accuracy of the pressure readings.

[0093] FIG. 6A is a block diagram of an example of a laser
tracking system, shown generally at 600, in accordance with
this disclosure. A controller circuit 602 can be configured to
control a laser 604 to generate and transmit the light from a
narrow band laser into a first port (e.g., port 1) of a circulator
606. The circulator 606 can route the light out a second port
(e.g., port 2) toward the optical fiber pressure sensor. The
controller circuit 602 can be configured to set the wavelength
of the laser on a point on a slope of a notch in the wavelength
response of an FBG, such as described above. Any light
reflected back from the optical fiber pressure sensor can enter
the second port (e.g., port 2) of the circulator 606 and can be
routed out a third port (e.g., port 3) and received by an optical
detector 608.

[0094] As indicated above, laser tracking techniques can be
used to correct for temperature drift. In accordance with this
disclosure, the laser 604 can be actively locked at a position
on a slope of a transmission notch, e.g., slope 406 of the notch
402 of FIG. 4A. Then, the system 600 can measure the change
in wavelength and, in response, alter the laser’s operating
characteristics, e.g., drive current.

[0095] Inthe system 600 of FIG. 6A, afirst comparator 610
can be used to provide laser tracking The optical power of the
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reflected signal, which is output by the optical detector 608,
can be a first input to a first comparator 610. A locking set
point value 612 can be a second input to the first comparator
610. The first comparator 610 can compare the two inputs and
then output a value that can be applied as an input to a laser
drive current control 614 that can modulate the drive current
of the laser 604. In this manner, the configuration of FIG. 6 A
can provide alocking loop to maintain a set point on the slope
of a notch, for example.

[0096] Inoneexample implementation, during initial setup
a user can adjust the conditions of the laser 604 so that the
wavelength of the laser 604 is slightly greater than the wave-
length of the transmission notch. The user can adjust the
wavelength of the laser 604 by adjusting the drive current of
a thermoelectric cooler (TEC) of the laser 604 (large shifts in
wavelength), which can alter the temperature of a submount
of the laser 604, or adjust the drive current of the laser 604
itself (small shifts in wavelength).

[0097] Once the initial setup of the laser 604 is complete,
the user can initiate the tracking techniques of this disclosure.
The tracking techniques begin to reduce the drive current to
the laser 604, which, in turn, decrease the wavelength of the
laser. More particularly, as the wavelength of the laser 604
decreases toward the wavelength of the transmission notch,
the comparator 610 compares the signal from the optical
detector 608 and the locking set point value 612. If the signal
from the optical detector 608 is higher than the locking set
point value 612, the drive current of the laser 604 can be
reduced via feedback from the comparator 610 to the laser
drive current control 614. In some examples, reducing the
laser drive current by 0.25 milliamps (mA) can shift the
wavelength by 1 pm, where the coefficient of the laser 604 is
about 4 pm per 1 mA of drive current.

[0098] During operation, the wavelength of the locked
point on the slope can shift as the ambient temperature
changes. If the wavelength of the transmission notch
increases or decreases, the system 600 increases or decreases,
respectively, the drive current of the laser 604 in order to track
the transmission notch. As indicated above, the laser 604 can,
for example, be locked on a point on a slope of the narrow
transmission notch at about 50% of the depth of the notch
402. These tracking techniques can track the position of the
locked point on the slope and a change in temperature can be
determined from the change in position. The determined
change in temperature can be an input into an algorithm
executed by a pressure reading module 622, which can use the
determined change in temperature to calculate an accurate
pressure reading. The pressure reading module 622 can be,
for example, machine or computer-implemented at least in
part. For example, the controller 602 can execute instructions
encoded on a computer-readable medium or machine-read-
able medium that implement the techniques and algorithms
ascribed to the pressure reading module 622.

[0099] Oneadvantage oftracking the shift in wavelength of
the FBG sensor by modulating the drive current of the laser is
that it can linearize the response of the circuit and can be more
forgiving of different power levels. That is, regardless of the
insertion loss of the pressure sensor, which can vary by con-
struction variables or variations in connecting in-line optical
connectors, the amount by which the drive current will
change for a given wavelength shift will be constant. Optical
fiber pressure sensors that utilize a change in power to
demodulate the signal are sensitive to changes in built in or
fixed insertion loss. By knowing the shift in laser wavelength
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for a given drive current change, the current reading can be
converted to a wavelength and hence to a pressure reading.
[0100] Optical sensing schemes exist that directly measure
the change in wavelength of the sensor response. In one
example, the sensor can be illuminated with broadband light
and the spectral response can be measured with an Optical
Spectrum Analyzer (OSA). This is not feasible for this appli-
cation as the update times can be too slow and the required
wavelength precision is beyond this type of instrument. Alter-
natively, techniques exist that measure the change in intensity
of the optical power as the laser tracks up and down the slope
of the FBG sensor. One disadvantage of this technique, how-
ever, is that the power response will be non-linear for large
excursions as the laser approaches the top of the filter (lower
slope) and the bottom of the filter (higher slope). Without
compensation this technique can yield inaccurate results.
[0101] Continuing with the description of FIG. 6A, the
output of the first comparator 610 can be applied as a first
input to a second comparator 616. A zero pressure DC value
618 canbe applied as a second input to the second comparator
616, which can subtract the initial DC value and output a zero
pressure reading. The outputted zero pressure reading from
the second comparator 616 can be multiplied at a multiplier
620 by a coefficient of wavelength shift with the drive current
that results in an output of an actual wavelength shift. The
outputted actual wavelength shift can then be converted to a
pressure reading at 622.

[0102] As indicated above, laser temperature monitoring
techniques can be used to correct for temperature drifts that
can affect the accuracy of the pressure readings. The lasers
used to implement the various techniques described in this
application have a wavelength dependency on the tempera-
ture at which they operate. A typical laser will have a wave-
length dependency on operating temperature of 100 pm per
degree Celsius (° C.). A well controlled laser may have tem-
perature stability of 0.01° C. giving a wavelength drift of 1
pm. As indicated above, however, a shift of 1 pm is equivalent
to a very large pressure difference and, as such, should be
accounted for in the final pressure reading.

[0103] Rather than stabilize the laser temperature to the
degree required, which can increase the complexity and
expense of the system 600, this disclosure describes tech-
niques that can accurately monitor the temperature through a
thermistor that is built-in to the submount of the laser 604 and
that can apply this temperature information to a correction
algorithm for the final pressure reading 622. To accurately
monitor the temperature through the thermistor, the system
600 of FIG. 6A can include an electronic circuit 624, e.g.,
outside the optical system, that is configured to measure the
voltage across the thermistor of the submount of the laser 604.
The electronic circuit 624 can include an amplifier that can
amplify the voltage signal with high enough gain that to
resolve temperature changes on the order of Viooo™ ofa degree
Celsius. These changes are on the order of hundreds of micro-
volts (uV). As such, it can be desirable to use high quality
circuits composed of instrumentation amplifiers, for
example.

[0104] In one example implementation, rather than ampli-
fying the voltage across the thermistor, the electronic circuit
624 can subtract an offset voltage from the voltage across the
thermistor, e.g., the operating voltage of the laser, before
amplification. Then, the electronic circuit 624 can amplify the
resulting voltage value, which is close to zero. In this manner,
the electronic circuit 624 allows small changes in the tem-
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perature of the laser to be determined. The temperature
change can be converted to wavelength and then to the
equivalent pressure, which can then be used to determine the
true pressure reading at 622.

[0105] The output from the laser, e.g., laser 604, can have a
strong degree of linear polarization at the exit from the laser
package. It is technically possible to preserve this linear
polarization by using polarization maintaining fiber and com-
ponents along the entire optical path to the FBGs. If the
polarization is preserved such that the light incident upon the
FBGs is aligned preferentially with a particular birefringent
axis, then the response of the light to the FBGs would not be
affected by the birefringence. Unfortunately, preserving the
polarization in this manner is both complex and expensive.
[0106] In the absence of polarization maintaining mea-
sures, the light from the laser can arrive at the FBGs with any
state of polarization depending on the nature of the optical
path through which the light has travelled. Significant bend-
ing or twisting of the fiber and the birefringent nature of any
components through which the light has travelled can alter the
state of polarization (SOP). Although the SOP that arrives at
the FBGs is not controlled, it nevertheless can have a high
degree of polarization (DOP) as this characteristic is very
difficult to fully randomize. A high DOP means the exact
interaction of the light and the birefringent axes of the FBGs
can change if there are perturbations to the system, such as
bending of the guidewire during a procedure. For this reason,
the system 600 of F1G. 6 A can utilize polarization scrambling
techniques to overcome the effects of birefringence and deter-
mine a true pressure reading. The polarization scrambling
techniques scramble or average a range of polarization states
so the final result is not biased to any given combination of
birefringent axis of the FBG and incident polarization state.
[0107] Optical fiber pressure sensors such as the FBGs of
this disclosure are subject to the effects of birefringence in the
optical fiber, due to the physical imperfections of the fiber.
With birefringence, different polarizations of light can have
slightly different effective optical refractive indices. An effec-
tive index of the fiber that is different for different polariza-
tions can result in a slightly different Bragg wavelength. A
different Bragg wavelength can result in the appearance of
movement of the point on the slope of the transmission notch
at which the laser is locked. In reality, however, the point may
not have moved at all.

[0108] A typical optical fiber can have birefringence on the
order of 2.5x107%, which translates to a wavelength shift
between the most different polarizations of 4 pm. A 4 pm
wavelength shift would be equivalent to a relatively massive
pressure change and, as such, should be accounted for in the
final pressure reading.

[0109] Theexact wavelength of the FBG can be determined
by a combination of the refractive index of the medium and
the physical spacing of the planes or fringes that make up the
FBG, as in the following equation:

15=2n,L, where 1,=Bragg wavelength, # =effective
refractive index, and L=spacing of fringes.
[0110] The polarization scrambling techniques of this dis-
closure can be implemented by sweeping a series of “optical
waveplates” through a pseudo-random pattern with sufficient
frequency that the desired signal will be averaged satisfacto-
rily. Optical waveplates are devices that can alter the state of
polarization. In order to measure a typical cardiovascular
pressure profile with a heart rate of 0 beats per minute to 200
beats per minute, scrambling techniques can average at a rate



US 2013/0317372 Al

that is sufficient to capture the dynamic profile, e.g., an effec-
tive frequency of several hundred hertz.

[0111] Inthesystem 600 of FIG. 6A, the optical waveplates
can be physically located between where the laser beam exits
laser 604 and the FBGs of the optical fiber pressure sensor. In
one example, an optical waveplate can be formed by wrap-
ping a portion of the optical fiber around a piezoelectric
material and by stretching the fiber upon application of a
voltage to the piezoelectrical material. In another example, an
optical waveguide can be used to form an optical waveplate.
The application of a voltage across electrodes built into the
optical waveguide can result in the change of the refractive
index.

[0112] Using the polarization scrambling techniques of this
disclosure, it is not necessary to know the levels or patterns of
birefringence in the system because the polarization control-
ling techniques do not rely upon feedback. Instead, the polar-
ization scrambling techniques rely on an averaged polariza-
tion that is achieved by sweeping through as many available
polarization states to get an average polarization value so the
final result is not biased to any given combination of birefrin-
gent axis of the FBG and incident polarization state. Addi-
tional information regarding how the polarization scrambling
techniques are used to determine a true pressure reading are
disclosed in U.S. Provisional Application No. 61/709,700,
titled “POLARIZATION SCRAMBLING FOR INTRA-
BODY FIBER OPTIC SENSOR”, by Howard Rourke, et al.
and filed on Oct. 4, 2012, the entire content of which being
incorporated herein by reference.

[0113] FIG. 6B is a block diagram of an example of a
temperature compensation technique in accordance with this
disclosure. As described above, in order to determine an
accurate pressure reading, both the ambient temperature of
the optical fiber pressure sensor and the temperature drift of
the laser should be accounted for in the final pressure reading
at 622 of FIG. 6A. In FIG. 6B, a first laser 630 can be locked
onto a phase-shift region, e.g., phase-shift region 312A
between FBG 2 and FBG 3 of FIG. 3. This phase-shift region,
however, is not compensated for the ambient temperature of
the pressure sensor and, as such, reacts to both pressure and
temperature. Using either a measurement of the change in
drive current of the laser, e.g., in milliamps, or a measurement
of the change in wavelength, the controller 602 of FIG. 6A
can determine the shift in wavelength at 632. Further, using
the techniques described above, the controller 602 can deter-
mine the operating temperature of the first laser 630 at 634 by
measuring the voltage across the submount thermistor via the
electronic circuit 624 of FIG. 6A. The controller 602 can
correct the determined shift in wavelength for the operating
temperature of the first laser 630 by subtracting the deter-
mined operating temperature of the first laser 630 from the
shift in wavelength determined at 636. Next, the corrected
wavelength shift can be scaled to an equivalent pressure at
638, e.g., converted from a voltage value to a pressure value.
The corrected wavelength shift at 636 and its scaled value at
638, however, have not been corrected for the ambient tem-
perature of the pressure sensor.

[0114] Inorderto correct forthe ambient temperature of the
pressure sensor, a second laser 640 can be locked onto another
phase-shift region, e.g., phase-shift region 312B between
FBG 1 and FBG 4 of FIG. 3. This phase-shift region is
insensitive to pressure and responds only to the ambient tem-
perature of the pressure sensor. Using either a measurement
of the change in drive current of the laser, e.g., in milliamps,
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or a change in wavelength, the controller 602 of FIG. 6A can
determine the shift in wavelength at 642. The controller 602
can also determine the temperature of the second laser 640 at
644 by measuring the voltage across the submount thermistor
via the electronic circuit 624 of FIG. 6A. The controller 602
can correct the determined shift in wavelength for the oper-
ating temperature of the second laser 640 by subtracting the
determined operating temperature of the second laser 640
from the shift in wavelength determined at 646. Next, the
corrected wavelength shift can be scaled to an equivalent
pressure at 648, e.g., converted from a voltage value to a
pressure value. Finally, at 650, the pressure determined at 648
can be subtracted from the pressure determined at 638 in
order to determine a true pressure reading.

[0115] FIGS.7A-7C depict an example of a pressure sensor
that can be used to implement one or more techniques of this
disclosure. The example of the pressure sensor depicted in
FIGS. 7A-7C is an example of a standalone pressure sensor
that can use one or more phase shift gratings. The type of
grating written into the fiber can be, for example, a “phase
shift” grating or a “Fabry Perot” grating. A “standalone”
sensor can be capable of sensing pressure independently of
the fiber being attached to a guide wire core subassembly. In
contrast, an “integrated” pressure sensor can involve placing
the fiber with the appropriate gratings written in it on a guide
wire core and then completing the sensor once the fiber is
positioned on the wire.

[0116] FIG. 7A is an example of a perspective view of an
exampleofa optical fiber pressure sensor 700 that can include
an optical fiber 702, which can be configured to transmit one
or more optical sensing signals, and a temperature compen-
sated Fiber Bragg Grating (FBG) interferometer (shown gen-
erally at 704 in FIG. 7C) that can be included in, or in optical
communication with, the optical fiber 702. The FBG interfer-
ometer 704 can be configured to receive pressure (e.g., from
pressure waves), and to modulate, in response to the received
pressure, an optical sensing signal being delivered via the
optical fiber 702 to the FBG interferometer 704. The pressure
sensor 700 can include a sensor membrane 706, which can be
in physical communication with the FBG interferometer 704.
The sensor membrane 706 can be configured to help transmit
the pressure to the FBG interferometer 704. The pressure
sensor 700 can further include a sheath 708 that can, for
example, help contain components of the pressure sensor 700
and/or help ease the pressure sensor through the vascular
system.

[0117] FIG. 7B is an example of a cross-sectional end view
of the pressure sensor 700 of F1G. 7A. As seen in FIG. 7B, the
optical fiber 702 can extend through the pressure sensor 700,
suich as at substantially an axial center of the pressure sensor
700.

[0118] FIG. 7C is an example of a cross-sectional side view
of the pressure sensor 700 of FIG. 7A, such as can be taken
along section A-A of FIG. 7B. FIG. 7C depicts the optical
fiber 702 extending through a proximal portion 710 and a
distal portion 712 of the pressure sensor 700. A proximal
portion of the phase shift grating of FBG interferometer 704
can be captured by a stiff, rigid, or solid supporting member
714, e.g., via bonding. The supporting member 714 can be a
capillary tube, for example.

[0119] Inthedistal portion 712, the pressure sensor 700 can
define a cavity 716, e.g., filled with air, such as laterally below
the distal portion of the phase shift grating of FBG interfer-
ometer 704 and laterally below the remaining distal length of
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the fiber 702 extending distally axially beyond the phase shift
grating. [n the example shown in FIG. 7C, the flexible sensor
membrane 706 can be thick enough such that it contacts the
fiber 702 and the fiber 702 can be attached to the flexible
sensor membrane 706, e.g., via bonding. The flexible sensor
membrane 706 can include, for example, a thin polymer film,
a heat seal film, or a thin metal foil. The flexible sensor
membrane 706 can be attached to the pressure sensor 700,
such as via bonding or solder. In an example, the membrane
706 can be made by casting a silicone layer.

[0120] The pressure sensor 700 can be sealed on both the
proximal end 718 and the distal end 720. In addition, the
sensor membrane 706 can be sealed creating the sealed cavity
706.

[0121] Theexample pressure sensor 700 of FIG. 7C depicts
three FBGs, namely FBGs 1-3, along with an optional FBG,
namely FBG 4. FBG 1 is independent of pressure and can be
used for temperature measurements to provide a temperature
compensated optical fiber pressure sensor, as described above
with respect to FIG. 3 and FIG. 4A.

[0122] FBGs 2 and 3 can form a phase-shift FBG structure.
The surface area of the membrane 706 can concentrate a
change in pressure and can focus a mechanical response to the
change in pressure at the phase-shift region between FBG 2
and FBG 3. This can enhance the sensitivity of the pressure
sensor 700. The mechanical forces acting upon the phase-
shift region between FBG 2 and FBG 3 can concentrate a
stress in the phase-shift region. The concentrated stress in the
phase-shift region can change the refractive index of the
optical fiber 702, which, in turn, alters the phase relationship
between FBG 2 and FBG 3. The change in phase-shift
between FBG 2 and FBG 3 can be detected and quantified,
and the change in pressure can be determined from the quan-
tified phase-shift.

[0123] In an example, the pressure sensor 700 can option-
ally further include FBG 4, e.g., located axially more proxi-
mal than FBG 1. As described above with respect to FIG. 3
and FIG. 4C, FBGs 1 and 4 can form a phase-shifted FBG
structure that can be used to detect and quantify a change in
temperature in the pressure sensor 700, which can be substan-
tially independent of any pressure variations, due to the loca-
tion of FBGs 1 and 4 within the stiff, rigid, or solid supporting
member 714. In the configuration shown in FIG. 7C, the
supporting member 714 can be disposed about FBGs 1,2, and
4.

[0124] FIGS. 8A-8C depict another example of a pressure
sensor that can be used to implement one or more techniques
of this disclosure, such as can use a standalone pressure
sensor that can use one or more phase shift gratings.

[0125] FIG. 8A is a perspective view of an example of an
optical fiber pressure sensor 800 that can include an optical
fiber 802, which can be configured to transmit one or more
optical sensing signals, and a temperature compensated Fiber
Bragg Grating (FBG) interferometer (shown generally at 804
in FIG. 8C) in optical communication with the optical fiber
802. The FBG interferometer 804 can be configured to
receive pressure (e.g., from pressure waves), and to modulate,
in response to the received pressure, the optical sensing sig-
nal. The pressure sensor 800 can include a sensor membrane
806 that can be in physical communication with the FBG
interferometer 804. The sensor membrane 806 can be config-
ured to transmit the pressure to the FBG interferometer 804.
The pressure sensor 800 can further include a sheath 808 that
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can, for example, help contain components of the pressure
sensor 800 and/or help ease the pressure sensor through the
vascular system.

[0126] FIG. 8B is an example of a cross-sectional end view
of the pressure sensor 8§00 of F1G. 8A. As seen in FIG. 8B, the
optical fiber 802 can extend through the pressure sensor 8§00,
such as at substantially an axial center of the pressure sensor
800.

[0127] FIG. 8C is an example of a cross-sectional side view
of the pressure sensor 800 of FIG. 8A, such as can be taken
along section A-A of FIG. 8B. The optical fiber 802 can be
supported in part by a stiff, rigid, or solid supporting member
814. The pressure sensor 800 can define a cavity 816, e.g.,
filled with air.

[0128] As seen in FIG. 8C, the sensor membrane 806 can
include a tapered portion 818 that can extend inwardly toward
an axial center of the pressure sensor 804. The tapered portion
818 can help focus the response of the membrane 806 against
the phase-shift region between FBG 2 and FBG 3, thereby
further concentrating a stress in the phase-shift region, which
can enhance the sensitivity of the pressure sensor 800.
[0129] In an example, a portion of the supporting member
814 can define a reservoir 820 that can be adjacent to the fiber
802. The reservoir 820 can be filled with a gas, e.g., air. [n one
example, the reservoir can be filled with a gas, e.g., nitrogen,
that can provide greater temperature stability than air. In one
example, the reservoir 820 can be a vacuum that can provide
temperature stability. The reservoir 820 can provide a con-
figuration that can be adjacent a limited cavity 816 immedi-
ately laterally below the fiber 802 between FBG 2 and FBG 3
such that it can be acted upon by the portion 818 yet the
reservoir 820 still includes a large compressible volume.
[0130] In an example, such as shown in FIG. 8C, the flex-
ible sensor membrane 806 can include, for example, a thin
polymer film, a heat seal film, or a thin metal foil. The flexible
sensor membrane 806 can be attached to the pressure sensor
800, such as via bonding or solder. In an example, the mem-
brane 806 can be made by casting a silicone layer.

[0131] The pressure sensor 800 can be sealed on both the
proximal end 817 and the distal end 819. The sensor mem-
brane 806 can be sealed, such as for creating the sealed cavity
816.

[0132] The example of a pressure sensor 800 of FIG. 8C
can include three FBGs (e.g., FBGs 1-3) along with an
optional FBG (e.g., FBG 4). FBG 1 can be configured to be
independent of pressure and can be used for temperature
measurement, such as to provide a temperature compensated
optical fiber pressure sensor, such as described above with
respect to FIG. 3 and FIG. 4A.

[0133] FBGs 2 and 3 can form a phase-shifted FBG struc-
ture. The surface area of the membrane 806 can be configured
to concentrate a change in pressure onto the portion 818,
which can focus a mechanical response to the pressure at the
phase-shift region between FBG 2 and FBG 3. The mechani-
cal force acting upon the phase-shift region between FBG 2
and FBG 3 can concentrate a stress in the phase-shift region.
The concentrated stress in the phase-shift region can change
the refractive index of the optical fiber 802, such asto alter the
phase relationship between FBG 2 and FBG 3. The change in
phase-shift between FBG 2 and FBG 3 can be detected and
quantified, and the change in pressure can be determined from
the quantified phase-shift.

[0134] The pressure sensor 800 can optionally further
include FBG 4, e.g., located axially more proximal than FBG
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1. As described above with respect to FIG. 3 and FIG. 4C,
FBGs 1 and 4 can form a phase-shifted FBG structure that can
be used to detect and quantify a change in temperature in the
pressure sensor 800. In the configuration shown in FIG. 8C,
the supporting member 814 is not disposed about FBGs 1, 2,
and 4, in contrast to the configuration example of FIG. 7C.
[0135] FIGS. 9A-9C depict another example of a pressure
sensor that can be used to implement one or more techniques
of this disclosure. The example of the pressure sensor
depicted in FIGS. 9A-9C can provide a standalone pressure
sensor that can use one or more phase shift gratings.

[0136] FIG. 9A is a perspective view of an optical fiber
pressure sensor 900 that can include an optical fiber 902,
which can be configured to transmit one or more optical
sensing signals, and a temperature compensated Fiber Bragg
Grating (FBG) interferometer (shown generally at 904 in
FIG. 9C), such as in optical communication with the optical
fiber 902. The FBG interferometer 904 can be configured to
receive pressure (e.g., from pressure waves), and to modulate,
in response to the received pressure, the optical sensing sig-
nal. The pressure sensor 900 can include a sensor membrane
906 that can be in physical communication with the FBG
interferometer 904. The sensor membrane 906 can be config-
ured to transmit the pressure to the FBG interferometer 904.
The pressure sensor 900 can further include a sheath 908 that
can, for example, help contain components of the pressure
sensor 900 and/or help ease the pressure sensor through the
vascular system.

[0137] FIG.9Bis an example of a cross-sectional end view
of the pressure sensor 900 of F1G. 9A. As seen in FIG. 9B, the
optical fiber 902 can extend through the pressure sensor 900
at a position that is offset from an axial center of the pressure
sensor 900.

[0138] FIG.9C is an example of a cross-sectional side view
of the pressure sensor 900 of FIG. 9A, such as can be taken
along section A-A of FIG. 9B. FIG. 9C depicts the optical
fiber 902 extending through a proximal portion 910 and a
distal portion 912 of the pressure sensor 904. A proximal
portion of the FBG interferometer 904 can be captured by a
supporting member 914, e.g., via bonding. The supporting
member 914 can include a capillary tube, for example. In the
distal portion 912, the pressure sensor 900 can define a cavity
916, e.g., filled with air.

[0139] As seenin the example shown in FIG. 9C, the sensor
membrane 906 can be in mechanical communication with a
portion 921 that can extend laterally inwardly into the pres-
sure sensor 904, The portion 921 can focus the response of the
membrane 906 against the phase-shift region between FBG 2
and FBG 3, which can thereby further concentrate a stress in
the phase-shift region, which can enhance the sensitivity of
the pressure sensor 900.

[0140] Inthe example shown in FIG. 9C, the flexible sensor
membrane 906 can include, for example, a thin polymer film,
a heat seal film, or a thin metal foil. The flexible sensor
membrane 806 can be attached to the pressure sensor 900,
such as via bonding or solder. In an example, the membrane
906 can be made by casting a silicone layer.

[0141] The pressure sensor 900 can be sealed on both the
proximal end 918 and the distal end 920. In addition, the
sensor membrane 906 can be sealed creating the sealed cavity
916.

[0142] The example of a pressure sensor 900 of FIG. 9C
can include three FBGs (e.g., FBGs 1-3), along with an
optional FBG (e.g., FBG 4). FBG 1 can be configured to be
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independent of pressure, such as explained above, and can be
used for temperature measurement, such as to provide a tem-
perature compensated optical fiber pressure sensor, such as
described above with respect to FIG. 3 and FIG. 4A.

[0143] FBGs 2 and 3 can form a phase-shifted FBG struc-
ture. The surface area of the membrane 906 can concentrate
any change in pressure into the portion 921, which can focus
a mechanical response to the pressure at the phase-shift
region between FBG 2 and FBG 3. The mechanical forces
acting upon the phase-shift region between FBG 2 and FBG
3 can concentrate a stress in the phase-shift region. The con-
centrated stress in the phase-shift region can change the
refractive index of the optical fiber 902, such as to alter the
phase relationship between FBG 2 and FBG 3. The change in
phase-shift between FBG 2 and FBG 3 can be detected and
quantified, and the change in pressure can be determined from
the quantified phase-shift. The pressure sensor 900 can
include a compliant layer 919 laterally underneath the optical
fiber 902, such as to allow the portion 921 to act on the optical
fiber 902 without damaging the optical fiber 902.

[0144] The pressure sensor 900 can optionally further
include FBG 4, e.g., located more proximal than FBG 1. As
described above with respect to FIG. 3 and FIG. 4C, FBGs 1
and 4 can form a phase-shifted FBG structure that can be used
to quantify a change in temperature in the pressure sensor
800. In the configuration shown in FIG. 9C, the supporting
member 914 can be disposed about FBGs 1 and 4.

[0145] FIGS. 10A-10D depict an example of a pressure
sensor that can be used to implement one or more techniques
of this disclosure. The example of a pressure sensor depicted
in FIGS. 10A-10D can provide an example standalone pres-
sure sensor that can use one or more “Fabry Perot” grating
arrangements.

[0146] FIG. 10A is an example of a perspective view of an
optical fiber pressure sensor 1000 that can include an optical
fiber 1002, which can be configured to transmit one or more
optical sensing signals, and a temperature compensated Fiber
Bragg Grating (FBG) interferometer (shown generally at
1004 in FIG. 10D) that can be in optical communication with
the optical fiber 1002. The FBG interferometer 1004 can be
configured to receive pressure (e.g., from pressure waves),
and to modulate, in response to the received pressure, the
optical sensing signal. The pressure sensor 1000 can include
a sensor membrane 1006 that can be in physical communica-
tion with the FBG interferometer 1004. The sensor membrane
1006 can be configured to transmit the pressure to the FBG
interferometer 1004. The pressure sensor 1000 can further
include a sheath 1008 that can, for example, help contain
components of the pressure sensor 1000 and/or help ease the
pressure sensor through the vascular system.

[0147] FIG. 10B is an example of a cross-sectional end
view of the pressure sensor 1000 of FIG. 10A, depicting an
example of a location of the optical fiber 1002. As seen in the
example of FIG. 10B, the optical fiber 1002 can extend axi-
ally through the pressure sensor 1000, such as at a position
that is axially offset from an axial center of the pressure
sensor 1000. FIG. 10C is an example of a cross-sectional end
view of the pressure sensor without the optical fiber 1002.
[0148] FIG. 10D is an example of a cross-sectional side
view of the pressure sensor 1000 of FIG. 10A, such as can be
taken along section A-A of FIG. 10C. FIG. 10D depicts an
example of the optical fiber 1002 extending through a proxi-
mal portion 1010 and a distal portion 1012 of the pressure
sensor 1004. A proximal portion of the optical fiber 1002 can
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be captured by a first supporting member 1014 A and a distal
portion 1012 of the optical fiber 1002 can be captured by a
second supporting member 1014B, e.g., via bonding.

[0149] Thepressure sensor 1000 caninclude a sensor mem-
ber 1006. The pressure sensor 1000 can define a cavity 1016,
e.g., filled with air, laterally below the sensor membrane
1006. The sensor membrane 1006 and the cavity 1016 can
concentrate a stress in the area between the Fabry-Perot grat-
ings FBG 1 and FBG 2, which can enhance the sensitivity of
the pressure sensor 1000.

[0150] The flexible sensor membrane 1006 can include, for
example, a thin polymer film, a heat seal film, or a thin metal
foil. The flexible sensor membrane 1006 can be attached to
the pressure sensor 1000, such as via bonding or solder. In an
example, the membrane 1006 can be made by casting a sili-
cone layer.

[0151] The pressure sensor 1000 can be sealed on both the
proximal end 1018 and the distal end 1020. The sensor mem-
brane 1006 can be sealed, such as for creating the sealed
cavity 1016.

[0152] The example of a pressure sensor 1000 of FIG. 10D
can include four FBGs (e.g., FBGs 1-4). FBGs 3 and 4 can
form a phase-shifted FBG structure, such as for sensing tem-
perature. The change in phase-shift between FBG 3 and FBG
4 can be detected and quantified, and the change in tempera-
ture can be determined from the quantified phase-shift, such
as described above.

[0153] Thepressure sensor 1000 can further include Fabry-
Perot gratings FBG 1 and FBG 2, which can be used to sense
changes in pressure. Similar to the phase-shift grating struc-
tures described above with respect to FIGS. 7-9, the Fabry-
Perot gratings FBG 1 and FBG 2 can create a phase shift that
can be tracked in a manner similar to that described above.
That is, a notch can be created in the wavelength response to
the Fabry-Perot gratings FBG 1 and FBG 2, as shown and
described in more detail with respect to FIG. 11. A point on a
slope of the notch can be set and tracked, a phase shift can be
detected and quantified, and the change in pressure can be
determined from the quantified phase-shift, such as described
in detail above.

[0154] FIG. 11 depicts an example of a conceptual response
diagram related to the example of a pressure sensor shown in
FIG. 10D. In particular, FIG. 11 depicts a conceptual wave-
length response of the Fabry-Perot gratings FBG 1 and FBG
2 of FIG. 10D. As seen in the example shown in FIG. 11, the
wavelength response of the Fabry-Perot gratings FBG 1 and
FBG 2 can include three notches, 1100, 1102, 1104. This is in
contrast to the wavelength responses of the phase-shift struc-
tures shown in FIGS. 4A-4C, which can include a single
notch for a pair of FBGs. The additional notches in FIG. 11
can be a result of the increased distance between the Fabry-
Perot gratings FBG 1 and FBG 2. As the distance between the
Fabry-Perot gratings FBG 1 and FBG 2 increases, additional
notches can occur. As the distance between the Fabry-Perot
gratings FBG 1 and FBG 2 decreases, notches can disappear
until the response resembles that of the phase-shift structures
described above.

[0155] Inamanner similar to that described above, a wave-
length of a narrow band laser (in relation to the response of
FBGs 1 and 2) can be locked on a point on a slope 1106 of a
narrow transmission notch, e.g., notch 1102, in F1G. 11, e.g,,
at about 50% of the length of the notch 1102. As the pressure
changes, the notch 1102 and, consequently, the point on the
slope 1106 shifts. A tracking circuit can then track the point
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ontheslope 1106 and a phase-shift can be determined from its
change in position. The intensity of reflected light will be
modified when the notch 1106 moves. A phase shift can be
quantified, and the change in pressure can be determined from
the quantified phase-shift, such as described in detail above.

[0156] FIGS. 12A-12C depict another example of a pres-
sure sensor that can be used to implement one or more tech-
niques of this disclosure. The example of a pressure sensor
depicted in FIGS. 12A-12C can provide another example
standalone pressure sensor that can use one or more Fabry-
Perot grating arrangements.

[0157] FIG. 12A is an example of a perspective view of an
optical fiber pressure sensor 1200 that can include an optical
fiber 1202 that can be configured to transmit one or more
optical sensing signals and a temperature compensated Fiber
Bragg Grating (FBG) interferometer (shown generally at
1204 in FI1G. 12C) in optical communication with the optical
fiber 1202. The FBG interferometer 1204 can be configured
to receive pressure, €.g., from pressure waves, and to modu-
late, in response to the received pressure, the optical sensing
signal. The pressure sensor 1200 can include a sensor mem-
brane 1206 that can be in physical communication with the
FBG interferometer 1204. The sensor membrane 1206 can be
configured to transmit the pressure to the FBG interferometer
1204. The pressure sensor 1200 can further include a sheath
1208 that can, for example, help contain components of the
pressure sensor 1200 and/or help ease the pressure sensor
through the vascular system.

[0158] FIG. 12B is an example of a cross-sectional end
view of the pressure sensor 1200 of FIG. 12A. As seen in FIG.
12B, the optical fiber 1202 can extend axially through the
pressure sensor 1200 such as at substantially an axial center of
the pressure sensor 1200.

[0159] FIG. 12C is an example of a cross-sectional side
view of the pressure sensor 1200 of FIG. 12A, such as can be
taken along section A-A of FIG. 12B. The optical fiber 1202
can be supported in part by supporting members 1214A,
1214B. The pressure sensor 1200 can define a cavity 1216,
e.g., filled with air.

[0160] As seen in the example of FIG. 12C, the sensor
membrane 1206 can include a portion 1218 that can extend
inwardly toward a center of the pressure sensor 1204 and that
can taper, such as to a point. The portion 1218 can focus the
response of the membrane 1206 against the area between
FBG 1 and FBG 2, such as for thereby further concentrating
a stress in the phase-shift region, which can enhance the
sensitivity of the pressure sensor 1200.

[0161] A portionofthe supporting member 1214 can define
a reservoir 1220, such as laterally below the area extending
axially between FBG 1 and FBG 2. The reservoir 1220 can
further enhance the sensitivity of the pressure sensor 1200,
such as by allowing the area between FBG 1 and FBG 2 to
deflect into the reservoir 1220.

[0162] In the example shown in FIG. 12C, the flexible
sensor membrane 1206 can include, for example, a thin poly-
mer film, a heat seal film, or a thin metal foil. The flexible
sensor membrane 1206 can be attached to the pressure sensor
1200, such as via bonding or solder. In an example, the
membrane 1206 can be made by casting a silicone layer.
[0163] The pressure sensor 1200 can be sealed, such as on
both the proximal end 1222 and the distal end 1224. The
sensor membrane 1206 can be sealed, such as for creating the
sealed cavity 1216.
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[0164] Theexample of a pressure sensor 1200 of FIG. 12C
can include two FBGs (e.g., Fabry-Perot gratings FBG 1 and
FBG 2), which can be used to sense changes in pressure, such
as described above with respect to FIG. 10D. The pressure
sensor 1200 can optionally further include one or more tem-
perature compensating FBGs. For example, the pressure sen-
sor 1200 can include two additional FBGs (e.g., FBGs 3 and
4 of FIG. 10D), which can form a phase-shifted FBG struc-
ture, such as for sensing temperature. The change in phase-
shift between FBG 3 and FBG 4 can be quantified and the
change in temperature can be determined from the quantified
phase-shift, such as described above.

[0165] FIGS.13A-13C depict an example of a guidewire in
combination with an optical pressure sensor. FIG. 13A is an
example of a perspective view illustrating a combination
1300 of a guidewire 1302 and an optical fiber 1304 attached
to an optical fiber pressure sensor. An optical fiber pressure
sensor can be attached at a distal end of the guidewire 1302.
The optical fiber 1304 can be disposed in a smooth, rounded
groove (groove 1306 of FI1G. 13C) extending axially along an
outer diameter of the guidewire 1302 and optionally helically
wound about the guidewire 1302, such as within a helically
axially extending groove. FIG. 13B is an example of a cross-
sectional side view of the combination 1300 of FIG. 13A,
illustrating the optional helical pitch of the combination.
[0166] FIG. 13C is an example of a cross-sectional end
view of the combination 1300 of FIG. 13A, such as can be
taken along section A-A of FIG. 13B. The guidewire 1302 can
include a solid guidewire with a smooth, rounded groove
1306 etched out, for example, of the guidewire material (or
etched out of a coating thereupon), thereby preserving most
of the guidewire material, which can help preserve its
mechanical properties. In this manner, the guidewire can be
substantially solid, which can avoid the kinking issues that
can be associated with hollow guidewires. Using a substan-
tially solid guidewire can improve the guidewire’s torque
capabilities. In an example, a coating can be applied over the
guidewire 1302 and over the fiber 1304, such as to help
protect the fiber 1304 or to help secure the fiber 1304 to the
guidewire 1302.

[0167] FIGS.14A-14C depict an example of a guidewire in
combination with an optical fiber pressure sensor. FIG. 14A is
an example of a perspective view illustrating a combination
1400 of a gnidewire 1402 and an optical fiber 1404 that can be
attached to an optical fiber pressure sensor. An optical fiber
pressure sensor can be attached ata distal end of the guidewire
1402. The optical fiber 1402 can be disposed in a flat groove
(flat groove 1406 of FIG. 14C) extending axially along an
outer diameter of the guidewire 1402 (or along a coating
thereupon) and optionally helically wound about the
guidewire 1402. FIG. 14B is a cross-sectional side view of the
combination 1400 of FIG. 14A, illustrating the helical pitch
of the combination. The helical design can allow any stresses,
e.g., from compression and tension, to be more evenly dis-
tributed along the length of the guidewire.

[0168] FIG. 14C is a cross-sectional end view of the com-
bination 1400 of FIG. 14 A, such as can be taken along section
A-A of FIG. 14B. The guidewire 1402 can include a solid
guidewire with a flat groove 1406 etched out, for example, of
the guidewire material, or a coating thereupon, thereby pre-
serving most of the guidewire material and the mechanical
properties associated therewith. In this manner, the guidewire
can be substantially solid, which can help avoid the kinking
issues that can be associated with hollow guidewires. Using a
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substantially solid guidewire can provide better torque capa-
bility of the guidewire. In an example, a coating can be
applied over the guidewire 1402 and the fiber 1404, such as to
help protect the fiber 1404 or to help secure the fiber 1404 to
the guidewire 1402.

[0169] FIGS.15A-15C depict an example of a guidewire in
combination with anoptical fiber pressure sensor. FIG. 15A is
an example of a perspective view illustrating a combination
1500 of a multifilar guidewire 1502 and an optical fiber 1504
that can be attached to an optical fiber pressure sensor. An
optical fiber pressure sensor can be attached at a distal end of
the guidewire 1502. The optical fiber 1504 can be disposed in
an interstice between filaments of the multifilar guidewire
1502 and optionally axially helically wound about the
guidewire 1502. FIG. 15B is an example of a cross-sectional
side view of the combination 1500 of FIG. 15A, illustrating
an example of the helix pitch of the combination.

[0170] FIG. 15C is an example of a cross-sectional end
view of the combination 1500 of FIG. 15A, such as can be
taken along section A-A of FIG. 15B. The multifilar
guidewire 1502 can include multiple filaments 1506. The
optical fiber 1504 can be disposed in an interstice between
two filaments 1506, for example, toward an outer diameter of
the guidewire 1502. In this manner, the guidewire can be
substantially rigid, like a solid guidewire, which can help
avoid the kinking issues that can be associated with hollow
guidewires. Using a substantially solid guidewire can help
provide desired torque capability of the guidewire. In an
example, a coating can be applied over the guidewire 1502
and the fiber 1504, such as to help protect the fiber 1504 or to
help secure the fiber 1504 to the guidewire 1502.

[0171] FIG. 16 depicts another example of a pressure sen-
sor that can be used to implement various techniques of this
disclosure. The example of a pressure sensor depicted in FIG.
16 can provide an example of an integrated pressure sensor
that can use one or more Fabry-Perot grating arrangements.
Again, an “integrated” pressure sensor can involve placing
the fiber with the appropriate gratings written in the fiber on a
guidewire and then completing the sensor once the fiber is
positioned on the wire.

[0172] FIG. 16 is an example of a perspective cross-sec-
tional view of an optical fiber pressure sensor 1600 that can
include an optical fiber 1602 that can be configured to trans-
mit one or more optical sensing signals and a temperature
compensated Fiber Bragg Grating (FBG) interferometer
1604 in optical communication with the optical fiber 1602.
The FBG interferometer 1604 can be configured to receive
pressure, e.g., from pressure waves, and to modulate, in
response to the received pressure, the optical sensing signal.
The pressure sensor 1600 can include a sensor memnibrane
1606 that can be in physical communication with the FBG
interferometer 1604. The sensor membrane 1606 can be con-
figured to transmit the pressure to the FBG interferometer
1604.

[0173] The example of a pressure sensor 1600 of FIG. 16
can further include Fabry-Perot gratings FBG 1 and FBG 2,
which can be used to sense changes in pressure. The Fabry-
Perot gratings FBG 1 and FBG 2 can create a phase shift that
can be tracked in a manner similar to that described above.
[0174] The pressure sensor 1600 of FIG. 16 can further
include a proximal coil 1608 and a distal coil 1610. The
proximal and distal coils 1608, 1610 can provide flexibility to
aid advancement of the pressure sensor 1600 through tortuous
pathways. In one example, the proximal and distal coils 1608,
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1610 can be affixed together via a mechanical joint (not
depicted), e.g., via solder or adhesive. The FBG interferom-
eter 1604 can, in some examples, be positioned underneath
the mechanical joint to provide additional protection to the
FBG interferometer 1604.

[0175] The pressure sensor 1600 of FIG. 16 can further
include a guidewire 1612 to which the optical fiber 1602 can
be attached. In the example depicted in FIG. 16, a portion of
the guidewire 1612 can define a machined gap (not depicted)
underneath the proximal coil 1608. The machined gap can
allow the optical fiber 1602 to extend longitudinally or heli-
cally along the outer surface of the guidewire 1612 and then
transition underneath the proximal coil gradually into the
machined gap.

[0176] The guidewire 1612 can also define cavity 1614,
e.g., filled with air, laterally below the sensor membrane
1606. The sensor membrane 1606 and the cavity 1614 can
concentrate a stress in the area between the Fabry-Perot grat-
ings FBG 1 and FBG 2, which can enhance the sensitivity of
the pressure sensor 1600. The optical fiber 1602 can be
securely attached to the guidewire 1612 on each side of the
cavity 1614. In addition, the sensor membrane 1606 can be
sealed 360 degrees around the guidewire 1612 at an optical
fiber entry end 1616 of the sensor membrane 1606 and at a
distal end 1618 of the optical fiber 1602 and along the edges
of the membrane 1606.

[0177] FIG. 17 depicts another example of a pressure sen-
sor that can be used to implement various techniques of this
disclosure. FIG. 17 depicts another example of a pressure
sensor that can be used to implement various techniques of
this disclosure. The example of a pressure sensor 1700
depicted in F1G. 17 can provide an example standalone pres-
sure sensor that can use one or more Fabry-Perot grating
arrangements.

[0178] FIG. 17 is an example of a perspective cross-sec-
tional view of an optical fiber pressure sensor 1700 that can
include an optical fiber 1702 that can be configured to trans-
mit one or more optical sensing signals and a temperature
compensated Fiber Bragg Grating (FBG) interferometer
1704 in optical communication with the optical fiber 1702.
The FBG interferometer 1704 can be configured to receive
pressure, e.g., from pressure waves, and to modulate, in
response to the received pressure, the optical sensing signal.
The pressure sensor 1700 can include a sensor menibrane
1706 that can be in physical communication with the FBG
interferometer 1704. The sensor membrane 1706 can be con-
figured to transmit the pressure to the FBG interferometer
1704.

[0179] The example of a pressure sensor 1700 of FIG. 17
can include four FBGs (e.g., FBGs 1-4.) FBGs 3 and 4 can
form a phase-shifted FBG structure, such as for sensing tem-
perature. The change in phase-shift between FBG 3 and FBG
4 can be detected and quantified, and the change in tempera-
ture can be determined from the quantified phase-shift, such
as described above.

[0180] The pressure sensor 1700 can further include Fabry-
Perot gratings FBG 1 and FBG 2, which can be used to sense
changes in pressure. Similar to the phase-shift grating struc-
tures described above with respect to FIG. 10D, the Fabry-
Perot gratings FBG 1 and FBG 2 can create a phase shift that
can be tracked in a manner similar to that described above.
That is, a notch can be created in the wavelength response to
the Fabry-Perot gratings FBG 1 and FBG 2, as shown and
described in detail above. A point on a slope of the notch can
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be set and tracked, a phase shift can be detected and quanti-
fied, and the change in pressure can be determined from the
quantified phase-shift, such as described in detail above.
[0181] The pressure sensor 1700 of FIG. 17 can further
include a proximal coil 1708 and a distal coil 1710. The
proximal and distal coils 1708, 1710 can provide additional
flexibility to aid advancement of the pressure sensor 1700
through tortuous pathways. In one example, the proximal and
distal coils 1708, 1710 can be affixed together via a mechani-
cal joint 1712, e.g., via solder or adhesive. The FBG interfer-
ometer 1704 can, in some examples, be positioned under-
neath the mechanical joint 1712 to provide additional
protection to the FBG interferometer 1704.

[0182] The pressure sensor 1700 of FIG. 17 can further
include a guidewire 1714 to which the FBG interferometer
1704 can be attached. In the example depicted in FIG. 17, a
portion of the guidewire can define a machined gap 1716
underneath a portion of the proximal coil 1708 and the distal
coil 1710. The machined gap 1716 can allow the optical fiber
1702 to extend longitudinally or helically along the outer
surface of the guidewire 1714 and then transition underneath
the proximal coil 1708 gradually into the machined gap 1716.
[0183] The example of a pressure sensor 1700 in FIG. 17
caninclude a cantilevered design, which can be applied to any
of the examples of standalone pressure sensors described in
this disclosure. More particularly, the pressure sensor 1700
can include a cantilever tube 1718 that is disposed about a
distal portion of the optical fiber 1702 within the machined
gap 1716. In addition, the pressure sensor 1700 can include a
sensor tube 1720 disposed within the cantilever tube 1718 and
about the distal portion of the optical fiber 1702. To provide
support to a portion of the optical fiber 1702, the pressure
sensor 1700 can also include a fiber support 1722 that is
positioned between the sensor tube 1720 and a portion of the
optical fiber 1702.

[0184] Between a portion of an inner surface of the canti-
lever tube 1718 and an outer surface of the sensor tube 1720,
the pressure sensor 1700 can define a space 1724, thereby
providing a double-walled housing construction. The double-
walled housing construction and the space 1724 can allow the
outer surface of the sensor tube 1720 to be mounted to the
guidewire 1714 while isolating the FBG interferometer 1704
from motion of the guidewire 1714 and contact with the
proximal coil 1708.

[0185] The FBG interferometer 1704 can also define cavity
1726, e.g., filled with air, laterally below the sensor mem-
brane 1706 and a portion of the optical fiber 1702 and within
the region defined by the sensor tube 1720. The sensor mem-
brane 1706 and the cavity 1726 can concentrate a stress in the
area between the Fabry-Perot gratings FBG 1 and FBG 2,
which can enhance the sensitivity of the pressure sensor 1700.
[0186] FIG. 18 depicts another example of a pressure sen-
sor that can be used to implement various techniques of this
disclosure. The example of a pressure sensor depicted in FIG.
18 can provide an example of an integrated pressure sensor
that can use one or more Fabry-Perot grating arrangements.
[0187] FIG. 18 is an example of a perspective cross-sec-
tional view of an optical fiber pressure sensor 1800 that can
include an optical fiber 1802 that can be configured to trans-
mit one or more optical sensing signals and a temperature
compensated Fiber Bragg Crating (FBG) interferometer
1804 in optical communication with the optical fiber 1802.
The FBG interferometer 1804 can be configured to receive
pressure, e.g., from pressure waves, and to modulate, in
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response to the received pressure, the optical sensing signal.
The pressure sensor 1800 can include a sensor membrane
1806 that can be in physical communication with the FBG
interferometer 1804. The sensor membrane 1806 can be con-
figured to transmit the pressure to the FBG interferometer
1804.

[0188] The pressure sensor 1800 of FIG. 18 can further
include a proximal coil 1808 and a distal coil 1810. The
proximal and distal coils 1808, 1810 can provide additional
flexibility to aid advancement of the pressure sensor 1800
through tortuous pathways. In one example, the proximal and
distal coils 1808, 1810 can be affixed together via a mechani-
cal joint 1812, e.g., via solder or adhesive. The FBG interfer-
ometer 1804 can, in some examples, be positioned under-
neath the mechanical joint 1812 to provide additional
protection to the FBG interferometer 1804.

[0189] The pressure sensor 1800 of FIG. 18 can further
include a guidewire 1814 to which the FBG interferometer
1804 can be attached. In the example depicted in FIG. 18, a
portion of the guidewire 1814 can define a machined gap
1816 underneath a portion of the proximal coil 1808 and the
distal coil 1810. The machined gap 1816 can allow the optical
fiber 1802 to extend longitudinally or helically along the outer
surface of the guidewire 1814 and then transition underneath
the proximal coil 1808 gradually into the machined gap 1816.
[0190] The example of a pressure sensor 1800 in FIG. 18
can include a capillary tube design. More particularly, the
pressure sensor 1800 can include a capillary tube 1818 to
support a portion of the optical fiber 1802. The capillary tube
1818 can be disposed about a distal portion of the optical fiber
1802 within the machined gap 1816.

[0191] As seen in FIG. 18, a portion 1817 of the optical
fiber 1802 can extend beyond a distal end of the capillary tube
1818 and over a cavity 1820, e.g., filled with air, that is
laterally below the portion of the optical fiber 1802 that
extends beyond the distal end of the capillary tube 1818. The
example of a pressure sensor 1800 of FIG. 18 can include at
least three FBGs (e.g., FBGs 1-3.) FBG 1 can be configured to
be independent of pressure and can be used for temperature
measurement, such as to provide a temperature compensated
optical fiber pressure sensor, such as described above with
respect to FIG. 3 and FIG. 4A.

[0192] FBGs 2 and 3 can form a phase-shift FBG structure.
The surface area of the membrane 1806 can concentrate a
change in pressure and can focus a mechanical response to the
change in pressure at the phase-shift region between FBG 2
and FBG 3. This focused mechanical response can enhance
the sensitivity of the pressure sensor 1800. The mechanical
forces acting upon the phase-shift region between FBG 2 and
FBG 3 can concentrate a stress in the phase-shift region. The
concentrated stress in the phase-shift region can change the
refractive index of the optical fiber 1802, which, in turn, alters
the phase relationship between FBG 2 and FBG 3. The
change in phase-shift between FBG 2 and FBG 3 can be
detected and quantified, and the change in pressure can be
determined from the quantified phase-shift.

[0193] As seenin FIG. 18, the sensor membrane 1806 can
be disposed about the guidewire 1814, the capillary tube
1818, and the portion of the optical fiber that extends beyond
the distal end of the capillary tube 1818.

[0194] FIG. 19 depicts another example of a pressure sen-
sor that can be used to implement various techniques of this
disclosure. FIG. 19 depicts another example of a pressure
sensor that can be used to implement various techniques of
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this disclosure. The example of a pressure sensor 1900
depicted in FI1G. 19 can provide an example standalone pres-
sure sensor that can use one or more Fabry-Perot grating
arrangements.

[0195] FIG. 19 is an example of a perspective cross-sec-
tional view of an optical fiber pressure sensor 1900 that can
include an optical fiber 1902 that can be configured to trans-
mit one or more optical sensing signals and a temperature
compensated Fiber Bragg Grating (FBG) interferometer
1904 in optical communication with the optical fiber 1902.
The FBG interferometer 1904 can be configured to receive
pressure, e.g., from pressure waves, and to modulate, in
response to the received pressure, the optical sensing signal.
[0196] The example of a pressure sensor 1900 of FIG. 19
can include four FBGs (e.g., FBGs 1-4.) FBGs 3 and 4 can
form a phase-shifted FBG structure, such as for sensing tem-
perature. The change in phase-shift between FBG 3 and FBG
4 can be detected and quantified, and the change in tempera-
ture can be determined from the quantified phase-shift, such
as described above.

[0197] The pressure sensor 1900 can further include Fabry-
Perot gratings FBG 1 and FBG 2, which can be used to sense
changes in pressure. Similar to the phase-shift grating struc-
tures described above with respect to FIG. 10D, the Fabry-
Perot gratings FBG 1 and FBG 2 can create a phase shift that
can be tracked in a manner similar to that described above.
That is, a notch can be created in the wavelength response to
the Fabry-Perot gratings FBG 1 and FBG 2, as shown and
described in detail above. A point on a slope of the notch can
be set and tracked, a phase shift can be detected and quanti-
fied, and the change in pressure can be determined from the
quantified phase-shift, such as described in detail above.
[0198] The pressure sensor 1900 of FIG. 19 can further
include a proximal coil 1906, a distal coil 1908, and a
guidewire 1910. The proximal and distal coils 1906, 1908 can
provide additional flexibility to aid advancement of the pres-
sure sensor 1900 through tortuous pathways.

[0199] The pressure sensor 1900 of FIG. 19 can further
include a tubular housing 1912 that can be disposed about the
guidewire 1912 between the proximal and distal coils 1906,
1908. In one example, the proximal and distal coils 1906,
1908 can be affixed to the housing 1912 via mechanical joints
1914A,1914B, e.g., viasolder or adhesive. The housing 1912
can be affixed to the guidewire 1910 via a mechanical joint
1915.

[0200] In addition, the pressure sensor 1900 can include a
sensor tube 1916 disposed within the housing 1912 and dis-
posed about a distal portion of the optical fiber 1902. More
particularly, the sensor tube 1916 can be positioned within an
area machined out of a portion of the outer wall 1918 of the
housing 1912. To provide support to the optical fiber 1902, a
fiber support 1920 can be disposed about the optical fiber
1902 between the sensor tube 1916 and the optical fiber 1902.
[0201] To allow the received pressure to reach the optical
fiber 1902, a portion of the sensor tube 1916 can be removed
in order to define a sensor window 1922. The sensor window
1922 can be covered with the sensor membrane 1924.
[0202] The example of a pressure sensor 1900 of FIG. 19
can include four FBGs (e.g., FBGs 1-4). FBGs 3 and 4 can
form a phase-shifted FBG structure, such as for sensing tem-
perature. The change in phase-shift between FBG 3 and FBG
4 can be detected and quantified, and the change in tempera-
ture can be determined from the quantified phase-shift, such
as described above.
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[0203] Thepressure sensor 1900 can further include Fabry-
Perot gratings FBG 1 and FBG 2, which can be used to sense
changes in pressure. The Fabry-Perot gratings FBG 1 and
FBG 2 can create a phase shift that can be tracked in a manner
similar to that described above. That is, a notch can be created
in the wavelength response to the Fabry-Perot gratings FBG 1
and FBG 2, as shown and described in detail above. A point on
a slope of the notch can be set and tracked, a phase shift can
be detected and quantified, and the change in pressure can be
determined from the quantified phase-shift, such as described
in detail above.

[0204] The pressure sensor 1900 can define a cavity 1926,
e.g., filled with air, laterally below the sensor membrane 1924
and the optical fiber 1902. The sensor membrane 1924 and the
cavity 1926 can concentrate a stress in the area between the
Fabry-Perot gratings FBG 1 and FBG 2, which can enhance
the sensitivity of the pressure sensor 1900.

[0205] FIG. 20 depicts another example of a pressure sen-
sor that can be used to implement various techniques of this
disclosure. The example of a pressure sensor 2000 depicted in
FIG. 20 can provide an example standalone pressure sensor
that can use one or more Fabry-Perot grating arrangements.
[0206] FIG. 20 is an example of a perspective cross-sec-
tional view of an optical fiber pressure sensor 2000 that can
include an optical fiber 2002 that can be configured to trans-
mit one or more optical sensing signals and a temperature
compensated Fiber Bragg Grating (FBG) interferometer
2004 in optical communication with the optical fiber 2002.
The FBG interferometer 2004 can be configured to receive
pressure, e.g., from pressure waves, and to modulate, in
response to the received pressure, the optical sensing signal.
[0207] The example of a pressure sensor 2000 of FIG. 20
can include four FBGs (e.g., FBGs 1-4.) FBGs 3 and 4 can
form a phase-shifted FBG structure, such as for sensing tem-
perature. The change in phase-shift between FBG 3 and FBG
4 can be detected and quantified, and the change in tempera-
ture can be determined from the quantified phase-shift, such
as described above.

[0208] The pressure sensor 2000 can further include Fabry-
Perot gratings FBG 1 and FBG 2, which can be used to sense
changes in pressure. Similar to the phase-shift grating struc-
tures described above with respect to FIG. 10D, the Fabry-
Perot gratings FBG 1 and FBG 2 can create a phase shift that
can be tracked in a manner similar to that described above.
That is, a notch can be created in the wavelength response to
the Fabry-Perot gratings FBG 1 and FBG 2, as shown and
described in detail above. A point on a slope of the notch can
be set and tracked, a phase shift can be detected and quanti-
fied, and the change in pressure can be determined from the
quantified phase-shift, such as described in detail above.
[0209] The pressure sensor 2000 of FIG. 20 can further
include a proximal coil 2006, a distal coil 2008, and a
guidewire 2010. The proximal and distal coils 2006, 2008 can
provide additional flexibility to aid advancement of the pres-
sure sensor 2000 through tortuous pathways. In one example,
the proximal and distal coils 2006, 2008 can be affixed
together via a mechanical joint 2012, e.g., via solder or adhe-
sive. The FBG interferometer 2004 can, in some examples, be
positioned underneath the mechanical joint 2012 to provide
additional protection to the FBG interferometer 2004.
[0210] The pressure sensor 2000 of FIG. 20 can further
include a tubular housing 2014 that can be disposed about the
guidewire 2010 and underneath the mechanical joint 2012.
The housing 2014 can be affixed to the guidewire 2010 via a
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mechanical joint 2015. In addition, the pressure sensor 2000
can include a sensor tube 2016 disposed within the housing
2014 and disposed about a distal portion of the optical fiber
2002. In contrast to the tubular housing of FIG. 19, the tubular
housing 2014 of FIG. 20 can define a lumen 2018 that extends
longitudinally through the housing 2014. The sensor tube
2016 of F1IG. 20 can be positioned within the lumen 2018. To
provide support to the optical fiber 2002, a fiber support 2020
can be disposed about the optical fiber 2002 between the
sensor tube 2016 and the optical fiber 2002.

[0211] To allow the received pressure to reach the optical
fiber 2002, a portion of the sensor tube 2016 can be removed
in order to define a sensor window 2022. The sensor window
2022 can be covered with a sensor membrane 2024,

[0212] The example of a pressure sensor 2000 of FIG. 20
can include four FBGs (e.g., FBGs 1-4). FBGs 3 and 4 can
form a phase-shifted FBG structure, such as for sensing tem-
perature. The change in phase-shift between FBG 3 and FBG
4 can be detected and quantified, and the change in tempera-
ture can be determined from the quantified phase-shift, such
as described above.

[0213] The pressure sensor 2000 can further include Fabry-
Perot gratings FBG 1 and FBG 2, which can be used to sense
changes in pressure. The Fabry-Perot gratings FBG 1 and
FBG 2 can create a phase shift that can be tracked in a manner
similar to that described above. That is, a notch can be created
in the wavelength response to the Fabry-Perot gratings FBG 1
and FBG 2, as shownand described in detail above. A point on
a slope of the notch can be set and tracked, a phase shift can
be detected and quantified, and the change in pressure can be
determined from the quantified phase-shift, such as described
in detail above.

[0214] The pressure sensor 2000 can define a cavity 2026,
e.g., filled with air, laterally below the sensor membrane 2024
and the optical fiber 2002. The sensor membrane 2024 and the
cavity 2026 can concentrate a stress in the area between the
Fabry-Perot gratings FBG 1 and FBG 2, which can enhance
the sensitivity of the pressure sensor 2000.

[0215] FIGS. 21A-21D depict another example of a
guidewire in combination with an optical fiber pressure sen-
sor. FIG. 21A is an example of a partial cutaway view illus-
trating acombination 2100 of a guidewire 2102 and an optical
fiber 2104 attached to an optical fiber pressure sensor 2106
(FI1G. 21C).

[0216] Inoneexample, the guidewire 2102 can be substan-
tially similar to the guidewire shown and described in U.S.
Pat. No. 5,341,818 to Abrams et al. and assigned to Abbott
Cardiovascular Systems, Inc. of Santa Clara, Calif., the entire
contents of which being incorporated herein by reference.
The guidewire 2102 can include a proximal portion 2108 and
a distal portion 2110. The distal portion 2110 can be formed
at least partially of superelastic materials. The guidewire
2102 can further include a tubular connector 2112 that can
connect a distal end 2114 of the proximal portion 2108 and a
proximal end 2116 of the distal portion 2110.

[0217] The guidewire 2102 can further include a core wire
2118 having an elongated portion 2120 and a tapered portion
2122 extending distally beyond the elongated portion 2120.
In addition, the guidewire 2102 can include a proximal coil
2124 disposed about the elongated portion 2120 and a distal
coil 2126 disposed about a portion of each of the elongated
portion 2120 and the tapered portion 2122 and extending
distally beyond the tapered portion 2122. The proximal coil
2124 and the distal coil 2126 can be joined together via a
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mechanical joint 2128, e.g., solder or adhesive. The
guidewire 2102 can further include a distal plug 2130, about
which a portion of the distal coil 2126 can be wound, or a
conventional solder tip. Additional information regarding the
components and construction of the guidewire 2102 can be
found in U.S. Pat. No. 5,341,818.

[0218] Regarding construction of the combination 2100 of
the guidewire 2102 and the optical fiber 2104 attached to an
optical fiber pressure sensor 2106 (FIG. 21C), in one
example, a narrow, shallow channel or groove 2132 (FIG.
21B) can be cut into the outer wall of the components that
form the guidewire 2102, e.g., the core wire 2118 and the
tubular connector 2112. The optical fiber 2104 can be posi-
tioned within the groove 2132. Due to the relatively small
dimensions of optical fiber 2104, the dimensions of the
groove 2132 can have minimal impact on the performance of
the guidewire 2102.

[0219] The groove 2132 can extend along the length of the
guidewire 2102 substantially parallel to a longitudinal axis of
the guidewire 2102. In another example, the groove 2132 can
spiral about the guidewire 2102, e.g., a helically axially
extending groove. In other examples, the groove 2132 can
extend along a portion of the length of the guidewire 2102
substantially parallel to a longitudinal axis of the guidewire
2102 and then the groove 2132 can spiral about another
portion of the length of the guidewire 2102, e.g., a helically
axially extending groove. The pitch of the spiral can be varied
along the length of the guidewire.

[0220] The groove 2132 can be fabricated using various
techniques that include, but are not limited to, etching,
machining, and laser ablation. In addition, the groove 2132
can be fabricated at various stages during the construction of
the guidewire 2102, e.g., before or after applying a coating to
the guidewire 2102.

[0221] The optical fiber 2104 can be bonded to the groove
2132 using various techniques. For example, the optical fiber
2104 can be bonded to the groove 2132 by applying a hot melt
adhesive to the optical fiber 2104 prior to positioning the
optical fiber 2104 in the groove 2132 and then subsequently
applying heat.

[0222] In other examples, rather than a groove 2132 that is
cut into the outer wall of the components that form the
guidewire 2102, the guidewire 2102 can define a lumen (not
depicted) that extends along a portion of the length of the
guidewire 2102 substantially parallel to a longitudinal axis of
the guidewire 2102. The lumen can be coaxial with the lon-
gitudinal axis of the guidewire 2102, or the lumen can be
radially offset from the longitudinal axis of the guidewire
2102. The optical fiber 2104 can extend along the length of
the guidewire 2102 through the lumen. The dimensions of the
lumen can have minimal impact on the performance of the
guidewire 2102.

[0223] In another example, the guidewire 2102 can be con-
structed to include an annular gap (not depicted) between the
proximal coil 2124 and the elongated portion 2120. The opti-
cal fiber 2104 can then extend along the length of the elon-
gated portion 2120 between an outer surface of the elongated
portion 2120 and an inner surface of the proximal coil 2124.
The optical fiber 2104 can be wound about the elongated
portion 2120. In some examples, the optical fiber 2104 can be
secured to the elongated portion 2120, e.g., via an adhesive.
[0224] FIG. 21B is an example of a cross-sectional view of
the combination 2100 of FIG. 21A, such as taken along sec-
tion B-B of FIG. 21A. The guidewire 2102, e.g., a solid
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guidewire, can include the fabricated groove 2132. FIG. 21B
illustrates the optical fiber 2104 positioned within the groove
2132 of the core wire 2118 of the guidewire 2102.

[0225] FIG. 21C is an example of a cross-sectional view of
the combination 2100 of FIG. 21A, such as taken along sec-
tion E-E of FIG. 21A. More particularly, FIG. 21C depicts
another example of a pressure sensor 2106 that can be used to
implement various techniques of this disclosure.

[0226] The optical fiber pressure sensor 2106 can include
the optical fiber 2104 that can be configured to transmit one or
more optical sensing signals and a temperature compensated
Fiber Bragg Grating (FBG) interferometer 2134 in optical
communication with the optical fiber 2104. The FBG inter-
ferometer 2134 can be configured to receive pressure, e.g,.,
from pressure waves, and to modulate, in response to the
received pressure, the optical sensing signal.

[0227] The example of a pressure sensor 2106 of FIG. 21C
can further include FBGs (not depicted) similar to those
described in detail above with respect to various examples of
pressure sensors, e.g., FIG. 10D, which can be used to sense
changes in pressure. The FBGs can create a phase shift that
can be tracked in a manner similar to that described above.
[0228] The pressure sensor 2106 of FIG. 21C can further
include the proximal coil 2124 and the distal coil 2126. The
proximal and distal coils 2124,2126 can provide flexibility to
aid advancement of the pressure sensor 2106 through tortuous
pathways. In one example, the proximal and distal coils 2124,
2126 can be affixed together via a mechanical joint 2136. The
FBG interferometer 2134 can, in some examples, be posi-
tioned underneath the mechanical joint 2136 to provide addi-
tional protection to the FBG interferometer 2134.

[0229] As indicated above, the guidewire 2102 can be fab-
ricated with a groove 2132 (FIG. 21B) to which the optical
fiber 2104 can be attached. A portion of the optical fiber 2104
can extend underneath the mechanical joint 2136. To allow
the received pressure to reach the optical fiber 2104, a portion
of the mechanical joint 2136 can be removed in order to define
a sensor window, shown generally at 2138. The sensor win-
dow 2138 can be covered with the sensor membrane 2140.
[0230] In the example depicted in FIG. 21C, the pressure
sensor 2106 can be constructed by fabricating a small cavity
2142 in the core wire 2118 that is in communication with the
groove 2132 at the distal end of the optical fiber 2104. The
cavity 2142 can, for example, be 100 microns in diameter by
100 microns in depth. The guidewire 2102 can be constructed
of the superelastic material, or a different super stiff material
may be substituted at this location (not depicted), for
example, aluminum oxide (Al,0,) or Alumina ceramic which
can be precision molded to define the cavity 2142 and the
groove 2132.

[0231] The pressure sensor 2106 can further include a
microballoon 2144 placed into the cavity 2142. In some
examples, an adhesive (not depicted) can be placed in the
cavity 2142 to secure the microballoon 2144 in place. The
microballoon 2144 can be filled with a gas, sealed, and heat
expanded such that, when expanded, the microballoon 2144
can fill the cavity 2142 and maintain a sealed reference cham-
ber. If an upper surface of the microballoon 2144 is con-
stricted during its expansion, a flat diaphragm can be
achieved. The optical fiber 2104 with FBGs can be positioned
in the groove 2132 and across the flat diaphragm of the
microballoon 2144.

[0232] The remaining space of the cavity 2142 and the
groove 2132 can be filled with an adhesive (not depicted) such
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as silicone to capture the optical fiber 2104, to attach the
optical fiber 2104 to the guidewire 2102, to attach the optical
fiber 2104 to the microballoon 2144, and to define a relatively
thin silicone diaphragm in mechanical communication with
the chamber defined by the microballoon 2144 where the
optical fiber 2104 is embedded. As a pressure is applied, each
of the silicone, the optical fiber 2104, and the microballoon
2144 can flex due to compression of the sealed chamber. The
flexing can transmit the received pressure to the FBG inter-
ferometer 2134, which can create a responsive phase shift
between FBGs (not depicted) that can be tracked in a manner
similar to that described above.

[0233] FIG. 21D is an example of a cross-sectional view of
the combination 2100 of FIG. 21A, such as taken along sec-
tion A-A of FIG. 21A. More particularly, FIG. 21D depicts a
cross-sectional view of the pressure sensor 2106 of FIG. 21C.
As seen in FIG. 21D and as described above with respect to
FIG. 21C, the pressure sensor 2106 of FIG. 21C can include
the microballoon 2144 positioned within the cavity 2142. The
optical fiber 2104 with FBGs can be positioned in the groove
2132 and across the flat diaphragm 2146 of the microballoon
2144.

[0234] Any of optical fiber pressure sensors described in
this disclosure can be combined with the guidewire 2102
shown and described above with respect to FIG. 21A and in
U.S. Pat. No. 5,341,818. Further, the techniques of this dis-
closure are not limited to the use of a single sensor in com-
bination with a guidewire, e.g., guidewire 2102. Rather, two
Or more sensors, e.g., pressure sensors, can be combined with
a guidewire by defining sensor regions in which each of the
two or more sensors can function at a respective, unique
wavelength and can be addressed accordingly by a laser
matching the wavelength of the respective sensor. Each laser
can be multiplexed onto the optical fiber using standard tech-
niques, e.g., wavelength-division multiplexing (WDM),
found in telecommunications systems.

[0235] Inanother example, the guidewire 2102 of FIG. 21A
can be combined with other sensor techniques. For example,
the same guidewire can be used for both intravascular ultra-
sound (IVUS) imaging and pressure sensing by using the
imaging sensor configurations described in U.S. Pat. No.
7,245,789 to Bates et al., and assigned to Vascular Imaging
Corp, the entire contents of which being incorporate herein by
reference. By way of specific example, one of the optical
fibers ina 32 fiber arrangement can extend distally beyond an
imaging sensor region, where an optical fiber pressure sensor,
such as any of the optical fiber pressure sensors described in
this disclosure, can be included that utilizes a different wave-
length than that used by the imaging arrangement.

[0236] FIG. 22 depicts an example of a combination 2200
ofa guidewire 2202 with an optical fiber pressure sensor 2204
and an imaging sensor 2206, e.g., using the imaging sensor
configurations described in U.S. Pat. No. 7,245,789. In par-
ticular, FIG. 22 is an example of a perspective partial cutaway
view of the combination 2200.

[0237] The guidewire 2202 is similar in construction to the
guidewire 2102 described above with respect to FIG. 21A,
and as shown and described in U.S. Pat. No. 5,341,818. The
guidewire 2202 can include a core wire 2208, a proximal coil
2210, and a distal coil 2212.

[0238] The imaging sensor 2206 can include an optical
fiber ribbon 2214 having a plurality of optical fibers, e.g., 32
optical fibers, disposed about the core wire 2208 of the
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guidewire 2202, and a plurality of imaging gratings 2216 to
couple light into and/or out of one or more respective optical
fibers of the ribbon 2214.

[0239] The guidewire 2202 can further include a backing
2218 disposed about the core wire 2208 and positioned
between the core wire 2208 and the optical fiber ribbon 2214.
In addition, the guidewire 2202 can include a mechanical
joint 2220 for joining a proximal portion 2222 of the
guidewire 2202 to a distal portion 2224 of the guidewire
2202.

[0240] In one example, the pressure sensor 2204 can be
similar to the pressure sensor 2106 of FIG. 21C. For purposes
of conciseness, the pressure sensor 2204 will not be described
in detail again. The pressure sensor 2204 can include a single
optical fiber 2226 that extends longitudinally along the length
of the guidewire 2202, e.g., within a groove in the outer
surface of the core wire 2208 and underneath the optical fiber
ribbon 2214. The pressure sensor 2204 can further include a
pressure sensing window 2228 and pressure sensor mem-
brane 2230, as described in detail above. The pressure sensor
2204 of FIG. 22 is not limited to the design of the pressure
sensor 2106 of FIG. 21C. Rather, any of the pressure sensor
configurations described in this disclosure can be applied to
the combination 2200.

[0241] In one example, an outer diameter of the guidewire
2202 can be reduced along the length of the guidewire 2202
up to the distal coil 2212 to allow the optical fiber ribbon 2214
to be disposed about the outer surface of the guidewire 2202.
By way of specific example, the outer diameter of the proxi-
mal coil 2210 can be reduced from 0.014" to 0.011" and the
pressure sensor 2204 can be incorporated with the guidewire
2202 either in a surface groove or a coaxial hole of the core
wire 2208. The optical fiber ribbon 2214, e.g., a 32 optical
fiber arrangement, of the imaging sensor 2206 can then be
positioned over the 0.011" outer diameter of the guidewire
2202 so that the assembly contains 33 optical fibers, for
example. This configuration can separate the multiplexing
requirements of the imaging sensor 2206 and the pressure
sensor 2204, and can allow the pressure sensor 2204 to oper-
ate at any wavelength, including that of the imaging sensor
2206.

[0242] FIGS. 23A-23B depict another example of a
guidewire in combination with an optical fiber pressure sen-
sor. FIG. 23A is an example of a partial cutaway view illus-
trating acombination 2300 of a guidewire 2302 and an optical
fiber 2304 attached to an optical fiber pressure sensor 2306
(FI1G. 23B).

[0243] The guidewire 2302 can include a proximal portion
2308 and adistal portion 2310. The distal portion 2310 can be
formed at least partially of superelastic materials. The
guidewire 2302 can further include a tubular connector 2312
that can connect a distal end 2314 of the proximal portion
2308 and a proximal end 2316 of the distal portion 2310.
[0244] The guidewire 2302 can further include a core wire
2318 having an elongated portion 2320 and a tapered portion
2322 extending distally beyond the elongated portion 2320.
In addition, the guidewire 2302 can include a proximal coil
2324 disposed about the elongated portion 2320 and the
tapered portion 2322. The guidewire 202 can also include a
distal coil 2326 disposed about a portion of the tapered por-
tion 2322 and extending distally beyond the tapered portion
2322. The proximal coil 2324 and the distal coil 2326 can be
joined together via a mechanical joint 2328, e.g., solder or
adhesive. The guidewire 2302 can further include a distal
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plug 2330, about which a portion of the distal coil 2326 can be
wound, or a conventional solder tip.

[0245] Regarding construction of the combination 2300 of
the guidewire 2302 and the optical fiber 2304 attached to an
optical fiber pressure sensor 2306, in one example, a narrow,
shallow channel or groove (not depicted) can be cut into the
outer wall of the components that form the guidewire 2302,
e.g., the core wire 2318 and the tubular connector 2312. The
optical fiber 2304 can be positioned within the groove. Due to
the relatively small dimensions of optical fiber 2304, the
dimensions of the groove can have minimal impact on the
performance of the guidewire 2302.

[0246] The groove can extend along the length of the
guidewire 2302 substantially parallel to a longitudinal axis of
the guidewire 2302. In another example, the groove can spiral
about the guidewire 2302, e.g., a helically axially extending
groove. In other examples, the groove can extend along a
portion of the length of the guidewire 2302 substantially
parallel to a longitudinal axis of the guidewire 2302 and then
the groove can spiral about another portion of the length of the
guidewire 2302, e.g., a helically axially extending groove.
The pitch of the spiral can be varied along the length of the
guidewire.

[0247] The groove can be fabricated using various tech-
niques that include, but are not limited to, etching, machining,
and laser ablation. In addition, the groove can be fabricated at
various stages during the construction of the guidewire 2302,
e.g., before or after applying a coating to the guidewire 2302.
[0248] The optical fiber 2304 can be bonded to the groove
using various techniques. For example, the optical fiber 2304
can be bonded to the groove by applying a hot melt adhesive
to the optical fiber 2304 prior to positioning the optical fiber
2304 in the groove and then subsequently applying heat.
[0249] The guidewire 2302 canbe constructed to include an
annular gap, shown in FIG. 23B at 2332, between the proxi-
mal coil 2324 and the portions 2320, 2322. The optical fiber
2304 can then extend along the length of the portions 2320,
2322 of the distal portion 2310 between an outer surface of
the portions and an inner surface of the proximal coil 2324.
The optical fiber 2304 can be wound about the elongated
portion 2320. In some examples, the optical fiber 2304 can be
secured to the elongated portion 2320, e.g., via an adhesive.
[0250] The combination 2300 can further include a sleeve
2334 disposed about the core wire 2318 and underneath the
mechanical joint 2328, to receive a distal portion of the opti-
cal fiber 2304. In one example, sleeve 2334 can be con-
structed of aluminum oxide (Al,0O;), or other stiff material.
The core wire 2318 can taper as it extends underneath the
mechanical joint.

[0251] FIG.23Bis an example of a partial cutaway view of
a portion of the combination 2300 of FIG. 23A. More par-
ticularly, FIG. 23B depicts another example of a pressure
sensor 2306 that can be used to implement various techniques
of this disclosure.

[0252] The optical fiber pressure sensor 2306 can include
the optical fiber 2304 that can be configured to transmit one or
more optical sensing signals and a temperature compensated
Fiber Bragg Grating (FBG) interferometer 2334 in optical
communication with the optical fiber 2304. The FBG inter-
ferometer 2334 can be configured to receive pressure, e.g.,
from pressure waves, and to modulate, in response to the
received pressure, the optical sensing signal.

[0253] The example of a pressure sensor 2306 of FIG. 23B
can further include FBGs (not depicted) similar to those
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described in detail above with respect to various examples of
pressure sensors, e.g., FIG. 10D, which can be used to sense
changes in pressure. The FBGs can create a phase shift that
can be tracked in a manner similar to that described above.
[0254] The pressure sensor 2306 of FIG. 23B can further
include the proximal coil 2324 and the distal coil 2326. The
proximal and distal coils 2324, 2326 can provide flexibility to
aid advancement of the pressure sensor 2306 through tortuous
pathways. In one example, the proximal and distal coils 2324,
2326 can be affixed together via a mechanical joint 2328. The
FBG interferometer 2334 can, in some examples, be posi-
tioned underneath the mechanical joint 2328 to provide addi-
tional protection to the FBG interferometer 2334.

[0255] As indicated above, the guidewire 2302 can be con-
structed to include an annular gap 2332 between the proximal
coil 2324 and the portion 2320 to allow the optical fiber 2304
to extend along the length of the portion 2320. The sleeve
2334 can include a lumen, groove, or pocket to receive the
distal end of the optical fiber 2304. To allow the received
pressure to reach the optical fiber 2304, a portion of the
mechanical joint 2328 and the sleeve 2334 can be removed in
order to define a sensor window, shown generally at 2338.
The sensor window 2338 can be covered with the sensor
membrane 2340.

[0256] In the example depicted in FIG. 23B, the pressure
sensor 2306 can be constructed by fabricating a small cavity
2342 in the core wire 2318. The cavity 2342 can, for example,
be 100 microns in diameter by 100 microns in depth. The
guidewire 2302 can be constructed of the superelastic mate-
rial, or a different super stiff material may be substituted at
this location (not depicted), for example, AL,O,, or Alumina
ceramic which can be precision molded to define the cavity
2342,

[0257] The pressure sensor 2306 can further include a
microballoon 2344 placed into the cavity 2342. In some
examples, an adhesive (not depicted) can be placed in the
cavity 2342 to secure the microballoon 2344 in place. The
microballoon 2344 can be filled with a gas, sealed, and heat
expanded such that, when expanded, the microballoon 2344
can fill the cavity 2342 and maintain a sealed reference cham-
ber. If an upper surface of the microballoon 2344 is con-
stricted during its expansion, a flat diaphragm can be
achieved. The optical fiber 2304 with FBGs can be positioned
in the sleeve 2334 and across the flat diaphragm of the
microballoon 2344.

[0258] As a pressure is applied, the optical fiber 2304 and
the microballoon 2344 can flex due to compression of the
sealed chamber. The flexing can transmit the received pres-
sure to the FBG interferometer 2334, which can create a
responsive phase shift between FBGs (not depicted) that can
be tracked in a manner similar to that described above.
[0259] FIG. 24 shows an example of a portion of a concen-
tric pressure sensor assembly 2400. The concentric pressure
sensor assembly 2400 can include or be coupled to an optical
fiber 2402, such as a reduced-diameter longitudinally extend-
ing central optical fiber 2402. The concentric pressure sensor
assembly 2400 can be located at or near a distal region of the
optical fiber 2402. In an example, the pressure sensor assem-
bly 2400 can include at least one Fabry-Perot interferometer,
such as in the optical fiber 2402. The Fabry-Perot interferom-
eter can modulate the wavelength of light in the optical fiber
2402, such as in response to environmental pressure varia-
tions that can stretch or compress the optical fiber 2402, e.g,,
longitudinally and linearly. The modulated light in the optical
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fiber 2402 can be used to communicate information about the
environmental pressure variations at or near the distal end of
the optical fiber 2402 to a proximal end of the optical fiber
2402, such as for coupling the resulting optical signal to an
optoelectronic or other optical detector, which, in turn, can be
coupled to electronic or optical signal processing circuitry,
such as for extracting or processing the information about the
sensed environmental pressure variations.

[0260] A distal portion of the optical fiber 2402 (e.g., more
distal than the one or more Fabry-Perot interferometers) can
be securely captured, anchored, or affixed, such as at a hard,
solid, or inelastic distal disk assembly, distal endcap, or other
distal anchor 2404, such as can be located at a distal end
portion of the concentric pressure sensor assembly 2400. The
hard, solid, or inelastic material (e.g., fused silica or other
suitable material) of the distal anchor 2404 can be relatively
inflexible, e.g., relative to the dimensional variation of the
optical fiber 2402 in response to the targeted environmental
pressure variations to be measured. [n an illustrative example,
any dimensional variation of the distal anchor 2404 can be
less than or equal to Y0, Y100, or Yiooo of any dimensional
variation of a pressure-sensing portion of the optical fiber
2402 measured in response to the targeted environmental
pressure variations, such as the pressure variations that can be
present in a percutaneous in vivo intravascular human blood
pressure sensing application.

[0261] The tubular or other distal anchor 2404 can be
attached to a hard, solid, or inelastic (e.g., fused silica) tubular
or other housing 2406, such as by a soft, flexible, elastic, or
compliant gasket 2408 that can be located therebetween. A
first sensing region 2410 of the optical fiber 2402 can be
securely captured, anchored, or affixed, to the housing 2406,
such as via a tubular or other attachment (e.g., hardened
epoxy or other adhesive) region 2412. A second sensing
region 2414 of the optical fiber 2402 can be located within the
housing 2406, such as suspended (e.g., freely or within a
compliant material) between the encapsulator or attachment
region 2412 and the hard distal anchor 2404. The suspended
portion of the optical fiber 2402 can be installed or securely
held longitudinally under tension. This can permit both posi-
tive and negative direction longitudinal displacement varia-
tions in the suspended portion of the optical fiber 2402,
which, in turn, can permit sensing of both positive and nega-
tive environmental pressure variations, as explained herein.

[0262] The gasket 2408 material (e.g., medical grade sili-
cone) can be relatively more flexible, soft, elastic, or compli-
ant than the housing 2406 and than the distal anchor 2404,
such as to allow longitudinal dimensional variation of gasket
2408 and the suspended second sensing region 2414 of the
optical fiber 2402 in response to the targeted environmental
pressure variations to be measured, such as the pressure varia-
tions that can be present in a percutaneous in vivo intravas-
cular human blood pressure sensing application. The first
sensing region 2410 can be securely fixed to the hard housing
2406 by the encapsulator or attachment region 2412, while
the second sensing region 2414 can be suspended within the
hard housing 2406 and subject to longitudinal dimensional
variation (along with longitudinal dimensional variation of
the compliant gasket 2408). Therefore, the first sensing
region 2410 can be shielded from or made insensitive to
environmental pressure variations, but sensitive to environ-
mental temperature variations, while the second sensing
region 2414 can be sensitive to both environmental pressure
and temperature variations. In this way, light modulation in
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the first sensing region 2410 due to temperature variations can
be measured and used to compensate for or null-out the light
modulation effect of similar temperature variations experi-
enced by the second sensing region 2414 that is being used to
measure environmental pressure variations. In an illustrative
example, the first sensing region 2410 can include a first
Fabry-Perot interferometer, and the second sensing region
2414 can include a second Fabry-Perot interferometer. These
respective interferometers can be written with different wave-
lengths. This can permit each interferometer to be individu-
ally separately addressed by selecting a corresponding wave-
length of light to provide to the proximal end of the optical
fiber 2402 to perform the selective individual addressing of
the interferometers.

[0263] FIG. 24 can be conceptualized as an arrangement in
which at least one optical fiber sensing region can be sus-
pended between two anchors (e.g., hard tubes 2404, 2406)
that can be separated from each other by a compliant region
(e.g., gasket 2408) that can allow the anchoring tubes 2404,
2406 (and hence the suspended portion of the optical fiber
2402) to experience longitudinal displacement in response to
environmental pressure variations. Based on finite element
modeling (FEM) simulation analysis and experimental labo-
ratory data obtained from prototypes, corresponding to the
arrangement illustrated in FIG. 24, a pressure sensitivity can
be obtained that can be at least 100 to 150 times the pressure
sensitivity of an optical fiber without such arrangement of
hard tubes 2404, 2406 separated from each other by the
compliant gasket 2408.

[0264] Inan illustrative example, the entire pressure sensor
assembly 2400 can be less than or equal to 1.5 millimeters in
length, such as less than or equal to 1.0 millimeter in length.
The pressure sensor assembly 2400 can have an outer diam-
eter that can be less than or equal to 125 micrometers. For
comparison, 125 micrometers is the outer diameter of a typi-
cal single standard optical fiber as used in telecommunica-
tions. The tubular housing 2406 can have an inner lumen
diameter of about 50 micrometers. In an example, the entire
pressure sensor assembly 2400 can be conveniently incorpo-
rated within a percutaneous or other guidewire, such as can be
used for guiding an intravascular device (e.g., a stent, such as
a coronary stent) to a desired location within a blood vessel.
For example, the entire pressure sensor assembly 2400 can be
included within a solder or other joint of such a guidewire,
such as between spring coils forming a body of the guidewire.
Using fused silica or other glass components for all or por-
tions of the tubular housing 2406 or the fused silica distal
anchor 2404 can provide components that can provide a good
matching of the temperature coefficient of expansion of these
materials to the temperature coefficient of expansion of the
material of the optical fiber 2402.

[0265] The arrangement shown in the illustrative example
of FIG. 24 can advantageously be durable, can be easy to
make, can perform well such as in detecting and amplifying
an environmental pressure variation, or can consistently be
made in a small form factor.

[0266] FIG. 25 shows an example of the pressure sensor
assembly 2400 as it can be prefinished and included or oth-
erwise incorporated into a percutaneous intravascular
guidewire assembly 2500. The guidewire assembly 2500 can
include a core guidewire 2502, a flexible proximal spring coil
region 2504 and a flexible distal spring coil region 2506 that
can terminate at a rounded and atraumatic distal tip. A gen-
erally cylindrical or other connector block 2508 can be
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included between and interconnecting the proximal spring
coil region 2504 and the distal spring coil region 2506. The
connector block 2508 can include a reduced diameter proxi-
mal end seat region 2510 and a reduced diameter distal end
seat region 2512, about which windings of'the flexible proxi-
mal spring coil region 2504 and a flexible distal spring coil
region 2506 can respectively be wound, such as with their
outer circumferences flush with an outer circumference of a
midportion of the connector block 2508 between the proxi-
mal end seat region 2510 and the reduced diameter distal end
seat region 2512. The connector block 2508 can provide a
housing for the pressure sensor assembly 2400. The optical
fiber 2402 can extend proximally from the pressure sensor
assembly 2400 in the connector block 2508 through the
proximal spring coil region 2504, such as to an optical con-
nector at a proximal end of the guidewire assembly 2500,
where it can be optically coupled to optical, electronic, or
optoelectronic signal generation or processing circuitry. The
core guidewire 2502 of the guidewire assembly 2500 can
bend or jog off of the concentric longitudinal axis of the
guidewire assembly 2500, such as at or near the connector
block 2508, if needed to allow enough room for the pressure
sensor assembly 2500 to be housed within the connector
block 2508 while also allowing passage of the core guidewire
2502 through the connector block 2508 in such a lateral offset
arrangement.

[0267] The connector block 2508 can provide a lateral axis
portal 2514 that can be located beyond a distal end region
2516 of the pressure sensor assembly 2400 such as to leave a
distal end region 2516 of the pressure sensor assembly 2400
exposed to nearby environmental pressures to be measured,
while providing a ceramic or other hard protective circumfer-
ential housing region that can protect the pressure sensor
assembly 2400 from lateral pressure or lateral torque that may
otherwise influence the pressure sensor measurement to be
obtained by longitudinal spatial variations of the pressure
sensor assembly 2400,

[0268] FIG. 26 shows an example illustrating how compo-
nents of the pressure sensor assembly 2400 can be integrated
into or otherwise incorporated into a percutaneous intravas-
cular guidewire assembly 2600. FIG. 26 is similar to FIG. 25
in some respects, butin FIG. 26 the connector block 2602 can
provide a concentric axially aligned longitudinal passage for
the core guidewire 2502, such that it need not bend or jog as
shown in FIG. 25. This can help preserve or utilize the
mechanical properties or characteristics of the core guidewire
2502 or those of the guidewire assembly 2600. One or more
components of the pressure sensor assembly 2400 can be
laterally offset from the concentric axially aligned core
guidewire 2502, such as within the connector block 2602. The
connector block 2602 can include a lateral axis portal 2514.
The distal anchor 2404 and the gasket 2408 can be located in
or near the lateral axis portal 2514, and can optionally be
laterally recessed or otherwise shielded from lateral pressure
or torque that may otherwise influence the pressure sensor
measurement to be obtained by longitudinal spatial variations
of the integrated components of the pressure sensor assembly
2400, such as explained above with respect to FIG. 25. The
connector block 2602 can be constructed with a passage for
the optical fiber 2402 sized, shaped, or otherwise configured
such as to provide a first sensing region 2410 of the optical
fiber 2402 that can be affixed to a housing provided by the
connector block 2602, such as explained herein. A second
sensing region 2414 of the optical fiber 2402 can be sus-
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pended within a housing provided by the connector block
2602, such as explained herein. The optical fiber 2402 can
extend outward from the connector block 2602 proximally,
such as through the proximal spring coil region 2504, such as
with the optical fiber 2402 extending so as to be laterally
offset from a longitudinal central axis of the guidewire assem-
bly 2600.

[0269] FIG. 27 shows an example in which components of
the pressure sensing assembly 2400 can be retrofitted to or
otherwise integrated into an existing guidewire assembly
2700, such as a RUNTHROUGH® guidewire, available from
Terumo Kabushiki Kaisha, also known as Terumo Corp. The
guidewire assembly 2700 can include a proximal region
2702, that can be constructed from a first material, such as
stainless steel, and a distal region 2706 that can be con-
structed from a second material, such as nitinol. Either or both
of the proximal region 2702 and the distal region 2704 can
taper inward in a direction toward the distal end of the
guidewire assembly 2700, such as in one or more tapering
regions, which can be contiguous or separated by respective
non-tapering regions. A distal region 2706 of the guidewire
assembly 2700 can include a proximal spring coil region
2504, a distal spring coil region 2506, a connector block 2708
(e.g., containing components of the pressure sensor assembly
2400, such as described herein) therebetween from which a
flattened or other core guidewire can extend distally toward
and connecting to an atraumatic rounded distal tip 2710.

[0270] At least one groove 2712 can be formed on an out-
ward circumferential surface of the guidewire assembly
2700. The groove 2712 can extend from a proximal end or
region of the guidewire assembly 2700 toward and to a distal
portion of the guidewire assembly 2700 and can terminate at
aproximal side of the connector block 2708. The groove 2712
can extend along all or a portion of the length of the guidewire
assembly 2700, such as in a spiral helix or otherwise. The
pitch of the helix can be fixed or multi-valued (e.g., a looser
pitch (e.g., between 30 mm and 50 mm) at a proximal portion
of the guidewire assembly 2700 and a tighter pitch (e.g.,
between 5 mm and 10 mm pitch) at the distal (e.g., over a
length of about 30 centimeters) portion of the guidewire
assembly 2700). The helical arrangement can help accommo-
date flexing curvature in the guidewire assembly 2700 as it is
introduced along tortuous vascular or other non-linear paths.
A tighter pitch can be more accommodating to curvature in
the guidewire assembly 2700. The groove 2712 can carry the
optical fiber 2402 therein, such as can be secured therein by an
adhesive underlayer (e.g., UV-cured adhesive, hot-melt adhe-
sive, epoxy or other two-part adhesive) or overlayer (e.g.,
such as any suitable overcoating used for an existing
guidewire). In an example, the groove 2712 can be about 40
micrometers across and about 40 micrometers deep, and can
be constructed so as to only occupy about /oo or less of the
surface area of the guidewire assembly 2700, thereby leaving
the mechanical properties of the guidewire assembly 2700
substantially intact as though the groove 2712 were not
present. For retrofitting an existing guidewire, the groove
2712 can be formed by laser-etching or other suitable process.
The guidewire can additionally or alternatively formed
together with the groove 2712, such as during drawing of the
guidewire body during its manufacture, such as by mechani-
cally scoring the guidewire body or otherwise. If a portion of
the guidewire body is tapered down (e.g., toward a distal end,
such as using centerless or other grinding), then any grooves
that were formed during the guidewire drawing, but removed



US 2013/0317372 Al

by the grinding, can be replaced by a respective connecting
groove that can be formed after grinding, such as by laset-
etching the ground portion of the guidewire body.

[0271] FIG. 28 shows an example in which the pressure
sensor assembly 2400 (e.g., as explained herein) can be
located at a distal end of a guidewire assembly 2800, e.g.,
more distal than the distal spring coil region 2506, such as
within or providing a rounded atraumatic distal tip. A flat-
tened or other distal end of the core guidewire 2502 can
connect to a proximal end of the housing 2406 of the pressure
sensor assembly 2400. More proximal regions of the
guidewire assembly 2800 can include a proximal spring coil
region 2504, a connector block (such as a connector block
2508, which can optionally include a second, more proximal
pressure sensor as described with respect to FIG. 25), and
other elements such as shown in F1G. 25.

[0272] The distal end pressure sensor assembly 2400 can
include an anchored first sensing region 2410 and a sus-
pended second sensing region 2414, such as explained herein.
The gasket 2408 and the distal anchor 2404 can be located
within a cylindrical or other recess 2802 that can be exposed
to the ambient environment about the distal end of the
guidewire assembly 2800. In an example such as shown in
FIG. 28, the recess 2802 can be cylindrical and can extend
longitudinally along the central axis of the guidewire assem-
bly 2800, such as to face longitudinally outward from the
distal end of the guidewire assembly 2800. In an example, the
distal end of the optical fiber 2402 can be attached to the
anchor 2404, and both the anchor 2404 and the gasket 2408
can be suspended within the recess 2802, such as by tension
in the optical fiber 2402 to which the anchor 2404 can be
attached with the gasket 2408 captured proximal to the anchor
2404. This can help provide pressure sensing due to longitu-
dinal optical fiber tension variations near the distal end of the
guidewire assembly 2800, and can help isolate the effect of
lateral pressure variations or torque upon the pressure sensor
assembly 2400.

[0273] Having a pressure sensor located at a guidewire
distal tip can provide advantages in certain applications, such
as where information about pressure distal to an occlusion
may be desirable. For example, when pushing a guidewire
across a chronic total vascular occlusion, it may be difficult to
determine whether the distal tip is within a lamen of the blood
vessel or within a subintimal layer of the blood vessel. A
distal-tip pressure sensor can permit providing distal-tip pres-
sure information that can be useful in determining the nature
of such location of the distal tip of the guidewire assembly
2800. In an example in which a distal tip pressure sensor is
provided together with a more proximal pressure sensor (e.g.,
located between the proximal spring coil region 2504 and the
distal spring coil region 2506), a pressure differential across
an occlusion can be sensed and provided to a user, such as for
diagnostic or interventional (e.g., stent-placement) purposes.
[0274] FIG. 29 shows an example of a proximal region of a
guidewire assembly 2900, such as one of the various
guidewire assemblies described herein, terminating at a
proximal end connector 2902. The guidewire assembly 2900
can include a helically wound optical fiber 2402 that can be
located in a helical groove 2712 along the guidewire body.
The proximal end connector 2902 can include separable por-
tions: (1) adistal portion that can include a metal or other tube
2904 (also referred to as a tubular coupler) having an interior
lumen diameter that can be attached to both the outer diameter
of the body of the proximal region of the guidewire assembly
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2900 and the outer diameter of a ceramic or other distal
ferrule 2906 such that the optical fiber can extend from a
periphery of the guidewire body to and through a center axis
lumen of the distal ferrule 2906; and (2) a proximal portion
that can include a connector housing 2908 carrying a ceramic
or other proximal ferrule 2910, a split sleeve ferrule guide
2912, and a distal receptacle guide 2914 that can provide a
tapered portion into which a portion of the distal ferrule 2906
and the metal tube 2904 can be received. The optical fiber
2402 can terminate at a flat or dome polished (e.g., ultrapol-
ished physical connector, “UPC”) proximal end of the distal
ferrule 2906, where it can butt against and optically couple
with a flat or dome polished (e.g., UPC) distal end of the
proximal ferrule 2910, which can provide a center axis lumen
through which an optical fiber 2402 can extend in a proximal
direction, such as to an optical, electronic, or optoelectronic
signal generation or processing apparatus. While the optical
fibers 2402 and 2916 can be the same diameter, in an example,
the optical fiber 2402 can be a small diameter optical fiber
(e.g., 25 micrometers outer diameter) and the optical fiber
2916 can be a standard sized telecommunications optical
fiber (e.g., 125 micrometers outer diameter), such as with the
mode field diameter (MFD) of the optical fiber 2402 being
less than or equal to the MFD of the optical fiber 2916. When
the proximal end of the guidewire terminating in connector
portion 2902 is detached, other components can be easily
slipped over the guidewire.

[0275] Using various techniques described above, changes
in ambient pressure can be detected by measuring the wave-
length change, e.g., quantified change in phase-shift, by an
FBG sensor within a housing, e.g., housing 308 of FIG. 3. As
described above with respect to FIGS. 4A-4C and FIG. 6A,
the change in phase-shift can be quantified by locking a laser
at a position on a slope of the transmission notch of the
resonant feature, tracking a particular optical power level in
the resonant feature, and adjusting the bias current of the laser
which, in turn, subtly changes the wavelength to maintain this
“locked” relationship.

[0276] These techniques can produce satisfactory results
when the optical insertion loss is constant. In some example
implementations, however, the overall insertion loss of the
pressure sensor and/or system can change during the mea-
surement, e.g., kinking in the optical fiber. As shown and
described below with respect to FIG. 30, a change in the
optical insertion loss can lead to an artificial shift in the
tracking wavelength, and thus an offset error in the pressure
reading, if the optical locking level or threshold is not
adjusted accordingly.

[0277] FIG. 30 depicts a conceptual response diagram
illustrating the effect of an uncorrected locking level on a
locking wavelength. In FIG. 30, where the x-axis represents
wavelength and the y-axis represents the intensity of the
reflected light, a transmission notch 3000 is shown within a
reflection band 3002, and a reduced reflection band 3004,
which is caused by insertion loss. An initial locking level, or
optical threshold, 3006 is depicted, which corresponds to a
wavelength of about 1550.85 nm and a reflection intensity of
50%.

[0278] If insertion loss is introduced, which results in the
reduced reflection band 3004, then the locking level may
move up or down the slope of the reduced reflection band
3004 in order to maintain its locking level, e.g., 50%, despite
the fact that the transmission notch 3004 has not moved. If the
insertion loss increases (optical power decreases), then the
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shift can be to a higher, incorrect locking wavelength because
the locking circuit climbs the slope of the reduced reflection
band 3004 to maintain the set optical level, as shown at 3008.
If the insertion loss decreases (optical power increases)(not
depicted in FIG. 30), then the shift can be to a lower, incorrect
locking wavelength because the locking circuit moves down
the slope of the reduced reflection band 3004 to maintain the
set optical power level. Either of these conditions can lead to
a significant drift in the apparent pressure level even if there
has been no phase-shift change in the FBG filter.

[0279] As described in more detail below, using various
techniques of this disclosure, the locking level 3006 can be
corrected for insertion loss, resulting in a corrected locking
level 3010. In accordance with this disclosure, a small dither
signal can be added to the wavelength of the laser at, for
example, a frequency outside those associated with the pres-
sure sensing. Then, the AC component, which is the change in
the optical signal reflected from the pressure sensor back to
the optical detector, e.g., optical detector 608 of FIG. 6A, can
be extracted from the optical signal via an electronic circuit
associated with the optical detector. The magnitude of the AC
component can then be used to make any adjustments to the
locking level to null out any offset errors.

[0280] FIG. 31 depicts the conceptual response diagram of
FIG. 30 compensated for optical insertion loss in an optical
pressure sensor using various techniques of this disclosure. In
FIG. 31, where the x-axis represents wavelength and the
y-axis represents the intensity of the reflected light, a trans-
mission notch 3000 is shown within a reflection band 3002,
and a reduced reflection band 3004, which is caused by inset-
tion loss.

[0281] Two AC components 3012, 3014 are depicted in
FIG. 31, where the AC component 3012 depicts a magnitude
of the AC component with no excess loss and where the AC
component 3014 depicts a magnitude of the AC component
with excess loss. Thus, the magnitude of the AC component
can change with insertion loss.

[0282] As indicated above, a small dither signal 3016 can
be added to the wavelength of the laser. Then, an AC compo-
nent can be extracted from the optical signal via an electronic
circuit associated with the optical detector. As can be seen in
FIG. 31, the amplitude of the AC components 3012, 3014 can
vary in proportion to the overall signal level as long as the
amount of wavelength dither is held constant. That is, if the
wavelength range of the dither 3016 is held constant, the
magnitude of the AC component can scale directly with the
optical insertion loss.

[0283] By comparing a current value of the AC component,
e.g., AC component 3014, to an initial value of the AC com-
ponent, e.g., AC component 3012, the controller 602 (FIG.
6A) can determine whether the optical insertion loss has
increased or decreased. The current value of the AC compo-
nent can be fed back to the optical locking circuit of FIG. 6 A,
aportion of which is described below with respect to F1G. 33.
Then, because the AC component is reduced in proportion to
the change in insertion loss, the controller 602 of FIG. 6 A can
adjust the optical locking level accordingly to maintain the
correct locking wavelength.

[0284] Insome examples, a frequency and amplitude of the
wavelength dither 3016 can be selected so as to be compatible
with the pressure measurements. For example, for the dither
frequency, a value can be selected that is higher than the
necessary bandwidth for pressure sensing. Assuming, for
example, that the pressure bandwidth is between 0-25 Hz,
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then it might be desirable to select a frequency for the wave-
length dither at least five times higher than the pressure band-
width.

[0285] FIG. 32 is a flow diagram illustrating an example of
a method 3200 for compensating for optical insertion loss in
an optical pressure sensor using various techniques of this
disclosure. The controller 602 of FIG. 6A can establish, or
determine, an optical locking level with no excess insertion
loss (3202), e.g., initial locking level 3006 of FIG. 31, and
establish, or determine, an initial amplitude of a dither signal
(3204), e.g., the AC component 3012 of FIG. 31, by extracting
the dither signal from the optical signal reflected from the
pressure sensor and measuring its amplitude. The controller
602 can measure a new amplitude of the dither signal (3206),
e.g., the AC component 3014 and compare the new amplitude
to the initial amplitude (3208). If the insertion loss has
changed (“YES” branch of 3210), as determined by the com-
parison at 3208, then the controller 602 can control either the
laser drive current control 614 of FIG. 6A or the locking set
point value 612 of FIG. 6 A to adjust the locking level to a new
value (3212), e.g., if the AC component decreases then the
locking level is reduced by the appropriate amount. If the
insertion loss has not changed (“NO” branch of 3210), as
determined by the comparison at 3208, then the controller
602 can continue to measure the new amplitude of the dither
signal at 3206.

[0286] FIG. 33 is a block diagram of an example of a
portion of the laser tracking system of FIG. 6 A for compen-
sating for optical insertion loss in an optical pressure sensor
using various techniques of this disclosure, in accordance
with this disclosure. An AC dither generator 3312 generates a
dither signal that is summed together with the laser control
current via summer 3314 and passed to the laser current drive
circuit 614. The laser current drive circuit 614 generates a
drive current for laser 604 of FIG. 6A.

[0287] An optical signal reflected back from the pressure
sensor, e.g., pressure sensor 300 of FIG. 3, is detected by the
optical detector 608, amplified by electrical amplifier 3300,
and filtered by a low pass filter 3302, e.g., frequencies of
about 0-25 Hz, and a high pass filter 3304, e.g., frequencies
greater than 25 Hz. The low pass filter 3302 passes the DC
level to a locking comparator 3306 and the high pass filter
3304 passes the high pass filtered signal, or AC component, to
the controller 602, which measures the amplitude of the dither
signal (3308), or AC component, and calculates the optical
locking level (3310), e.g., if the AC component decreases then
the locking level is reduced to the appropriate value. The
controller 602 passes the calculated optical locking level to
the locking comparator 3306, which compares the DC level
and the calculated optical locking level. The laser current
drive circuit 614 or the locking set point 612 can be adjusted
based on the comparison. In this manner, a constant center
wavelength is maintained.

[0288] In one example implementation, the frequency of
the dither 3016 of FIG. 31 can be selected in order to design
a low-pass filter 3302 that can reduce the residual AC dither
component in the electrical path to the locking circuit con-
trolled by the laser current drive circuit 614. This may be
desirable in order to prevent the locking circuit from chasing
the locking level at the frequency of the dither. It may be
desirable for the locking circuit to see the average or DC level
of the optical locking level.

[0289] There are many ways to filter the optical signal and
only one example is presented in this disclosure. Other filter-
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ing techniques or techniques for suppressing the AC compo-
nent could be employed and are considered within the scope
of this disclosure.

[0290] Inorder to ensure that the laser is able to respond to
the dither frequency chosen without any reduction in the
actual wavelength shift desired, there may be factors to con-
sider in selecting a dither frequency. For example, it has been
found that the design of the laser submount has an effect on
the frequency at which the laser can dither the laser.

[0291] Typical dither frequencies can range from around
100 Hz to 1000 Hz before the response starts to diminish. In
one example implementation, it may be desirable to select a
dither frequency between about 300 Hz and about 10400 Hz.
[0292] The dither magnitude can be selected to have an
appropriate scale to give a detectable AC component, e.g.,
around +10% of the overall DC signal level. In this example,
if the maximum optical power level is assumed to be about
1000 W and the slope is assumed to be about 50 uW/pm,
then it may be desirable to shift the wavelength of the laser by
the equivalent of about =2 pm (1000 uW). If the laser is
assumed to have a wavelength coeflicient of about 5 pm/mA,
then this would equate to a bias current dither of about 0.4
mA. These numbers are given for purposes of illustration only
and could be adjusted within sensible limits.

[0293] To summarize, with respect to FIGS. 31-33, this
disclosure describes, among other things, the following tech-
niques: compensating for changes in optical insertion loss of
the pressure sensor that would otherwise be seen as large
drifts in the apparent measured pressure; calculating and
adjusting an optical locking level to achieve compensation of
changes in optical insertion loss by wavelength dithering of
the tracking laser; applying wavelength dither to a tracking
laser to generate a signal with amplitude proportional to opti-
cal insertion loss; and applying feedback to an optical locking
level to compensate optical insertion loss.

[0294] 1t should be noted that the dither techniques
described above can be used in a similar manner to frack the
insertion loss of an intravascular ultrasound (TVUS) imaging
device and to make adjustments to the optical locking levels.
Tt may also be desirable to make dynamic adjustments to a
sensitivity correction matrix for the imaging elements in a
receive mode. The quality of imaging can be improved when
the sensitivity of the elements are balanced in the reconstruc-
tion matrix to reduce side-lobe levels.

[0295] A first order calibration of the receive sensitivity of
the elements can be made by measuring the AC component
from the wavelength dither as this indicates the slope of the
sensing element. The expected receive ultrasound signal is
proportional to the ultrasound energy imparted on the ele-
ment (this is converted to a change in the optical cavity length
or phase-shift) multiplied by the slope of the cavity. There-
fore, by knowing the slope from the dither, an expected signal
sensitivity from the element can be calculated.

[0296] Inthe case of IVUS, the relationship of the frequen-
cies is reversed, where the dither frequency is well below the
ultrasound frequencies and is filtered out by the ultrasound
electrical circuits.

[0297] To summarize, with respect to IVUS imaging
devices, this disclosure describes, among other things, the
following techniques: dynamically adjusting optical locking
levels; dynamically adjusting an element calibration matrix to
improve image reconstruction; and calibrating receive sensi-
tivity of elements based on dither slope measurements. Many
ofthe techniques described in this disclosure are applicable to

Nov. 28,2013

intravascular imaging devices, such as those described in
Bates & Vardi U.S. Pat. No. 7,245,789, U.S. Pat. No. 7,447,
388, U.S. Pat. No. 7,660,492, U.S. Pat. No. 8,059,923, U.S.
Pat. Pub. No. US-2012-0108943-A1, and U.S. Provisional
Patent Application No. 61/783,716, titled “Optical Fiber Rib-
bon Imaging Guidewire and Methods” to Tasker et al. and
filed on Mar. 14, 2013, each of which is hereby incorporated
by reference herein in its entirety.

[0298] Turning to another aspect, in any optical system
with highly coherent light sources, e.g., a narrow linewidth
laser, there is a possibility that any unintended reflections,
even very weak ones, can form a resonant optical cavity
within the device. The cavity can exhibit a strong frequency
component that depends on the optical path length of the
cavity (in this case the length of optical fiber between reflec-
tion points). The frequency of the cavity is given by:

where Av=frequency separation of maxima (Hz), C=speed of
light, and L=optical path length (Lengthxrefractive index).
The longer the cavity, the more closely spaced the ripples in
the frequency and wavelength domains.

[0299] A large amount of optical energy can be circulated
within the pressure sensing device and, under certain condi-
tions, can form undesirable optical resonances with other
elements of the system. The undesirable resonances can be
formed between any two points of optical reflection. For
instance, the undesirable resonances can be formed between
the FBGs and a system connector, or the FBGs and a pressure
wire connector. In accordance with this disclosure and as
described in more detail below with respect to FIGS. 34-37,
these undesirable resonances can be averaged out using dither
techniques, thereby reducing their overall effect on the pres-
slre measurements.

[0300] FIG. 34 depicts a conceptual response diagram
illustrating undesirable optical resonances caused by addi-
tional reflection in an optical system. In FI1G. 34, where the
x-axis represents wavelength and the y-axis represents the
intensity of the reflected light, a transmission notch 3400 is
shown within a reflection band 3402. The undesirable optical
resonances are shown as ripples 3404 overlaid on the funda-
mental response. In this example the undesirable reflection
point is at a distance of about 70 mm from the FBGs.

[0301] In an example of a pressure sensing device, there
may be an optical connector to the system about two meters
from the FBG filters that is a possible source of reflections.
The calculated expected wavelength of the ripple caused by a
reflection at two meters is approximately 0.4 pm (at 1550
nm). There is a possibility that the locking system can become
confused by these ripples 3404 and hop between them, which
appears as a sudden jump in the apparent pressure reading,
e.g., 10 mm/Hg, shown and described below with respect to
FIG. 35. In the context of pressure sensing, such a jump is
unwanted and likely unacceptable due to the need for accurate
pressure measurements.

[0302] FIG. 35 depicts the conceptual response diagram of
FIG. 34 further illustrating undesirable locking circuit wave-
length hopping. FIG. 35 shows a calculated response for a
weak reflection at 70 mm (a non-limiting example for pur-
poses of illustration only) and how the locking circuit can
become confused and shift to a different wavelength. More
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particularly, the locking circuit can become confused because
the optical locking level 3504 can intersect both the funda-
mental response 3402 (at point 3506) and a ripple 3404 (at
point 3508), resulting in two possible optical locking wave-
lengths. As a result of the ripple 3404, the desired optical
locking wavelength at 3500 can jump to a higher optical
locking wavelength 3502. Assuming that the sensor has a
pressure-to-wavelength coefficient of around 1 pm for 25
mm/Hg and that the 2 m cavity has a ripple period of 0.4 pm,
then the apparent shift is approximately 10 mm/Hg, which is
highly undesirable.

[0303] In accordance with this disclosure and as described
in more detail below with respect to FIG. 36, the optical dither
techniques described above can be used to average through
these ripples 3404 and to reduce or eliminate their effects on
determining an optical locking wavelength.

[0304] FIG. 36 depicts the conceptual response diagram of
FIG. 35 compensated for optical cavity noise using various
techniques of this disclosure. In accordance with this disclo-
sure, optical wavelength dither (described above) can be used
to sweep or average through a number of the ripple periods.
Examples of lower and upper bounds of the dither optical
wavelength are depicted at 3600, 3602, respectively. In the
example shown in FIG. 36, within the lower and upper wave-
length bounds 3600, 3602 are four ripples 3404 that can be
averaged. Less or more ripples can be averaged.

[0305] When the laser wavelength is dithered, e.g., at a
frequency at least five times the bandwidth of the pressure
signal, the high frequency AC component can be extracted
from the optical signal by filtering, similar to what was
described above with respect to the insertion loss compensa-
tion techniques and as depicted in FIG. 33. If the pressure
signal has a bandwidth of about 0-25 Hz, then the dither
frequency is at least 125 Hz, for example. In other examples,
the dither frequency is about 300-400 Hz.

[0306] Once the high frequency AC component is
extracted, then the controller 602 of FIG. 6 can average the
AC component over the region of interest, e.g., over four
ripples 3404 as in F1G. 36. The dithering occurs at a faster rate
than the rate at which the ripples 3404 move side to side
during the measurement. As a result, the controller 602 can
average through the ripples 3404, thereby removing the opti-
cal cavity noise. The controller 602 can then determine an
optical locking level and wavelength without becoming con-
fused and jumping to an incorrect optical locking wavelength.

[0307] The amplitude and frequency requirements of the
dither wavelength can be made to complement the insertion
loss compensation (described above), e.g., a frequency of
about 300-400 Hz. The amplitude of the wavelength dither
can be calculated based on the wavelength separation of the
undesirable ripples. In one example, it may be desirable to
dither by a wavelength amount that would encompass a suf-
ficient number of ripples to give satisfactory averaging. If the
ripples are more closely spaced, then the controller 602 can
control generation of a relatively smaller amount of dither
than if the ripples were more widely spaced to achieve the
same amount of averaging. Take, for example, a two meter
long distance between the reflection points, the calculated
wavelength of the ripple caused by a reflection at two meters
is approximately 0.4 pm (at 1550 nm), then it may be desir-
able to dither the wavelength of the laser by 5 ripple periods
to give satisfactory averaging. The wavelength of the laser can
be dithered by a total of 2 pm (0.4 pmx5 ripples). This cor-
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responds to a dither in the laser current of around 0.4 mA,
where a typical laser is 5 pm/mA.

[0308] In one example implementation, the same dither
frequency and electrical filtering used for the insertion loss
compensation techniques described above can be used to
compensate for the optical cavity noise to allow the usual
detection of the pressure readings in the 0-25 Hz bandwidth.
In some example implementations, the low frequencies, e.g,,
0-25 Hz, that correspond to the pressure signals can be used to
control the locking circuit in order to reduce the confusion
presented by individual ripples. In one example, the electrical
filter circuits can be used to present the average optical detec-
tor value to the locking circuits, thus reducing the discrete
step nature of the individual ripples.

[0309] FIG. 37 depicts a flow diagram illustrating an
example of a method 3700 for compensating for optical cav-
ity noise in an optical pressure sensor using various tech-
niques of this disclosure. In FIG. 37, the controller 602 of
FIG. 6 can control the laser 604 to generate a dither signal at
a frequency outside of the range associated with a pressure
signal (3702). For example, for a pressure signal having a
bandwidth of about 0-25 Hz, the dither frequency can be at
least 125 Hz. In one specific example, the dither frequency
can be about 300-400 Hz. Next, the optical detector 608 of
FIG. 6A can receive the reflected optical signal from the
pressure sensor (3704). A low pass filter, e.g., filter 3302 of
FIG. 33, can remove or suppress the AC component at the
dither signal frequency (3706). Then, the controller 602 can
determine a low frequency value, e.g., the average locking
level in the low frequency band (0-25 Hz), over the specified
region of interest of the signal, e.g., over four ripples (3708).
Finally, the controller 602 can determine a noise compensated
optical locking wavelength based on the determined average
low frequency value (3710).

[0310] Using the one or more techniques such as disclosed
above, the present applicant has described an optical pressure
sensing guidewire suitable for delivery within a body lumen
of a patient, e.g., for diagnostic assessment of coronary
obstructions. This can advantageously optionally provide
temperature compensation for sensing pressure within a body
lumen. In addition, the present subject matter can advanta-
geously mechanically enhance the sensitivity of the fiber to
pressure, such as with an extrinsic arrangement. Further, the
present subject matter can utilize Fiber Bragg Gratings in the
miniaturized optical fiber thereby resulting in a cost effective
and manufacturable design.

[0311] Each of these non-limiting examples described
above can stand on its own, or can be combined in various
permutations or combinations with one or more of the other
examples.

[0312] The above detailed description includes refererces
to the accompanying drawings, which form a part of the
detailed description. The drawings show, by way of illustra-
tion, specific embodiments in which the invention can be
practiced. These embodiments are also referred to herein as
“examples.” Such examples can include elements in addition
to those shown or described. However, the present inventors
also contemplate examples in which only those elements
shown or described are provided. Moreover, the present
inventors also contemplate examples using any combination
or permutation of those elements shown or described (or one
or more aspects thereof), either with respect to a particular
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example (or one or more aspects thereof), or with respect to
other examples (or one or more aspects thereof) shown or
described herein.

[0313] In the event of inconsistent usages between this
document and any documents so incorporated by reference,
the usage in this document controls.

[0314] In this document, the terms “a” or “an” are used, as
is common in patent documents, to include one or more than
one, independent of any other instances or usages of “at least
one” or “one or more.” In this document, the term “or” is used
to refer to a nonexclusive or, such that “A or B” includes “A
but not B,” “B but not A,” and “A and B,” unless otherwise
indicated. In this document, the terms “including” and “in
which” are used as the plain-English equivalents of the
respective terms “comprising” and “wherein.” Also, in the
following claims, the terms “including” and “comprising” are
open-ended, that is, a system, device, article, composition,
formulation, or process that includes elements in addition to
those listed after such a term in a claim are still deemed to fall
within the scope of that claim. Moreover, in the following
claims, the terms “first,” “second,” and “third,” etc. are used
merely as labels, and are not intended to impose numerical
requirements on their objects.

[0315] Method examples described herein can be machine
or computer-implemented at least in part. Some examples can
include a computer-readable medium or machine-readable
medium encoded with instructions operable to configure an
electronic device to perform methods as described in the
above examples. An implementation of such methods can
include code, such as microcode, assembly language code, a
higher-level language code, or the like. Such code can include
computer readable instructions for performing various meth-
ods. The code may form portions of computer program prod-
ucts. Further, in an example, the code can be tangibly stored
on one or more volatile, non-transitory, or non-volatile tan-
gible computer-readable media, such as during execution or
at other times. Examples of these tangible computer-readable
media can include, but are not limited to, hard disks, remov-
able magnetic disks, removable optical disks (e.g., compact
disks and digital video disks), magnetic cassettes, memory
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cards or sticks, random access memories (RAMs), read only
memories (ROMs), and the like.
[0316] The above description is intended to be illustrative,
and not restrictive. For example, the above-described
examples (or one or more aspects thereof) may be used in
combination with each other. Other embodiments can be
used, such as by one of ordinary skill in the art upon reviewing
the above description. The Abstract is provided to comply
with 37 C.E.R. §1.72(b), to allow the reader to quickly ascer-
tain the nature of the technical disclosure. It is submitted with
the understanding that it will not be used to interpret or limit
the scope or meaning of the claims. Also, in the above
Detailed Description, various features may be grouped
together to streamline the disclosure. This should not be inter-
preted as intending that an unclaimed disclosed feature is
essential to any claim. Rather, inventive subject matter may
lie in less than all features of a particular disclosed embodi-
ment. Thus, the following claims are hereby incorporated into
the Detailed Description as examples or embodiments, with
each claim standing on its own as a separate embodiment, and
it is contemplated that such embodiments can be combined
with each other in various combinations or permutations. The
scope of the invention should be determined with reference to
the appended claims, along with the full scope of equivalents
to which such claims are entitled.
The claimed invention is:
1. An apparatus for insertion into a body lumen, the appa-
ratus comprising;
an optical fiber pressure sensor comprising:
an optical fiber configured to transmit an optical sensing
signal;
an ambient temperature compensated Fiber Bragg Grating
(FBG) interferometer in optical communication with the
optical fiber, the FBG interferometer configured to
receive a pressure and modulate, in response to the
received pressure, the optical sensing signal; and
a sensor membrane in physical communication with the
FBG interferometer, the membrane configured to trans-
mit the received pressure to the FBG interferometer.
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